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ABSTRAKT 
Diplomová práca sa zaoberá prípravou teromplastických kompzoitov s PMMA a PC 
matricou s potenciálnym využitím v automobilovom priemysle. Ako výstuž boli použité 
krátke sklenené, uhlíkové a PBO (poly(p-fenylén benzobisoxazol)) vlákna známe 
pod obchodným názvom Zylon®. Práve do PBO vlákien boli vkladané veľké nádeje 
vzhľadom na ich ohromujúce mechanické vlastnosti. Vplyv objemového zlomku vlákien 
na modulu pružnosti, pevnosť a ťažnosť kompozitov bol skúmaný. Experimentálne zistený 
modul pružností bol porovnaný so semi-empirickým Halpin-Tsai modelom. Prídavok 
sklenených a uhlíkových vlákien viedol k značnému zvýšeniu modulu pružnosti. Ukázalo sa, 
že po istej hodnote objemového zlomku dochádza k poklesu pevností kompozitov v dôsledku 
zvyšujúceho sa počtu defektov. Prídavok PBO vlákien preukázal len nepatrný vystužujúci 
efekt. Viskoelastické vlastností kompozitov boli skúmané pomocou dynamicko mechanickej 
analýzy (DMA). Termogravimetrická analýza (TGA), konfokálna laserová rastrovacia 
mikroskopia (CLSM) a rastrovacia elektrónová mikroskopia (SEM) boli využité k štúdiu 
štruktúry kompozitov. 
 
ABSTRACT 
This diploma thesis deals with thermoplastic composites based on PMMA and PC matrix 
with potentially usage in automotive applications. Glass, carbon and PBO (poly(p-phenylene 
benzobisoxazole)), with trademark name Zylon
®
, fibers were used as reinforcement. Lot of 
expectations was put into PBO fibers based on their tremendous mechanical properties. Effect 
of fiber volume fraction on tensile modulus, tensile strength and ductility was investigated 
and experimental data were compared with semi-empirical Halpin-Tsai model. Increasing 
glass and carbon fiber volume content led to relatively high tensile modulus but tensile 
strength decreased after specific fiber volume content due to increasing number of defects. 
PBO fibers showed almost no reinforcing effect. Dynamic mechanic analysis (DMA) served 
for evaluation of viscoelastic properties of composites. Thermo-gravimetric analysis (TGA), 
confocal laser scanning microscopy (CLSM) and scanning electron microscopy (SEM) were 
used to study the structure of composites. 
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1 INTRODUCTION 
Composite material combines at least two phases with different chemical and physical 
properties creating material with new unique properties. Polymer composites are one of the 
most progressive types of composite materials nowadays. This material is constituted by 
polymer based matrix with reinforcing fibers or particles. 
Polymer composites offer mechanical properties comparable with traditional metal 
materials and so they take part in structural parts. Their low density is most important 
property providing high strength-to weight ratio or modulus-to weight ratio. Low density of 
composite is promising in the aspect of parts weight lowering. 
This aspect is most important in a field of transportation, aerospace, sport and etc. There 
are commonly used polymer composites based on thermosetting matrix and carbon fabric 
reinforcement. But manufacturing of these materials are time consuming and also expensive. 
And these materials are used only in production of expensive goods, luxury cars, aeroplanes, 
boats and also for aerospace applications. In automotive industry, lot of large car producers 
pay effort to bring new materials based on polymer composites in the mass production with 
satisfactorily low price and also short time production cycle. Large visual requirements are 
put on materials for exteriors parts for automotive applications. 
Thermoplastic composites are promising type of materials offering wide range of 
interesting properties which could be beneficial in weight lowering and maintaining of 
mechanical properties. Thermoplastics offers higher toughness and lot of companies are 
coming out with new technologies to bring also continuous fiber reinforced thermoplastics 
composites in the common usage. 
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2 TEORETICAL PART 
2.1  Polymer composites 
Composite is such material that combines at least two components or phases with 
significantly different physical and chemical properties. There can be composite 
types: metal/metal, ceramic/metal, ceramic/polymer, ceramic/ceramic, polymer/polymer - 
composite combines at least two essential components [1]. One of components is a 
reinforcement or filler and second one is matrix that fixes a position of reinforcement or filler. 
We obtain new composite material by combining of these components with properties 
unreachable for each of components (Figure 1). We talk about polymer composites in the case 
of polymer based matrix – thermoplastic or thermosetting matrix. 
 
 
Figure 1 Effect of incorporation of reinforcing fibers into the matrix – creation of composite material 
with new properties [2] 
Reinforcement geometry differs following types of composites [3]: 
Particular composite – also called filled plastics. Reinforcement or filler is in the form of 
particles, flakes, disks or other nonspherical particles 
Short fiber composites – Reinforcement is in the form of fibers with aspect ratio L/D ≤ 100 
Long fiber composites – Reinforcement is in the form of fibers with aspect ratio L/D ≥ 100 
 
Schematic representations of different types of composites are shown on Figure 2. 
 
Figure 2 Schematic representation of different types of composites: A – particular composite, 
B – Short fiber composite, C – aligned long fiber composite, D – long fiber composite – oriented 
textile reinforcement [4] 
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Very tempting is low density of polymer composites with 1 600 - 2 000 kg/m
3
 and 
possibility to tailor mechanical, thermal, electric properties while maintaining high specific 
property (for example strength). See graph of specific strength/specific modulus on Figure 3 
and Table 1 for better understanding of higher strength(modulus)-to weight ratio that polymer 
composites offer. Better resistance to chemical agents can be also achieved [1]. 
 
Figure 3 Comparison of specific strength and modulus of high-strength composites, steel and 
aluminium [5] 
Table 1 Properties of conventional metals and some advanced composite materials [6] 
 
2.1.1 Reinforcing principle 
We assume model composite that consist from one cylindrical fiber in the centre of 
cylindrical matrix. This composite is loaded parallel to the orientation of fiber. Stress is 
carried by fiber and also by matrix. Ratio between stresses carried by these two components is 
depended on their volume fractions. Stress is directly transferred into the fiber (because we 
pull it) until its fracture. 
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Figure 4 Shear stress in the area close to the fiber and tensile stress transferred into the fiber [1] 
After break of fiber we obtain the composite with two fibers which stress can not be 
directly transferred into because their ends are in the matrix continuum. Further loading 
causes matrix deformation creating shear force at the matrix/fiber interface. If friction is 
created stress carried by matrix can be transferred into the fiber (Figure 4). Sufficient level of 
matrix/fiber adhesion is needed. Fibers break and new fibers ends are created after transferred 
stress reaches the strength of fiber. The fragmentation process is repeated until there are fibers 
with length just enough to create matrix/fiber friction (stress transfer). Minimum length of 
fiber that allows to transfer the stress at the current matrix/fiber adhesion level into the fiber is 
called critical length of fiber — lc. Fibers shorter than lc can not be broken because there can 
not be transferred needed amount of stress [1]. 
2.1.2 Polymer matrix 
The role of matrix is to maintain the shape of composite part and aligns the fibers. Also it 
has to protect in most cases rigid reinforcement against premature wear such as abrasion and 
environmental corrosion. But most important, matrix distributes an applied load and acts as a 
stress transfer medium. Fiber’s buckling occurs in the compression loading and matrix 
somehow helps to decrease the effect of buckling [7]. Two groups of polymer materials can 
serve as matrices in composites: thermosets and thermoplastics. 
2.1.2.1 Thermoset matrix 
A thermosetting resin forms three dimensional network by creating covalent bonds 
between the macromolecules during curing process. This network is brittle, insoluble and also 
thermal processing is not anymore possible. At the beginning, thermoset resins are commonly 
in the A stage. In this state system contains only polyfunctional monomers or oligomeric 
macromolecules. This state is characterized by low viscosity suitable for impregnation of 
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reinforcement. This is exploited in manufacturing of laminates for luxury car, boats, sport 
equipment, aerospace. Curing process contributes in rigidity and high strength, solvent 
resistance, and good oxidative and thermal stability. After impregnation of reinforcement with 
A stage resin, curing reaction is progressed bellow the gel point. This is called B stage and 
combination of reinforcement and B stage resin is termed prepregs (that stands for 
preimpregnated). Usage of prepregs allows better processing for some applications. Prepreg is 
still formable sheet but resin is not anymore liquid so there is no or negligible flow of resin. 
When prepregs are formed in the shape of final composite part, B staged resin is fully cured – 
C stage [7]. 
The most important thermosetic resin systems used in composite industry: unsaturated 
polyester resins, vinyl ester resins and epoxy resins. 
Unsaturated polyester resins (UP-R) 
Unsaturated polyester resins (UP-R) consist of two polymers. One of them is short chain 
unsaturated polyester containing polymerization able double bonds and a vinyl monomer 
serving as curing agent and solvent to reduce a viscosity of resin. The curing reaction is made 
up of copolymerization of the vinyl monomer with the double bonds of the polyester usually 
initiated by peroxide. In the course of curing (Figure 5), a three-dimensional network is 
formed [8]. 
 
Figure 5 Reaction scheme of curing of unsaturated polyester by styren [35] 
Vinylester resins (VE-R) 
There is similarity of molecule structure of VE-R are UP-R (Figure 6), but they differ 
primarily in the location of their reactive sites. VE-R has polymerization able reactive groups 
at the end of macromolecules and the whole length of macromolecule is capable to absorb 
more shock loading. It makes VE-R tougher and more resilient than UP-R. VE-R structure 
contains also fewer ester groups that makes VE-R more hydrolysis resistant than UP-R. VE-
Rs are frequently found in applications such pipelines and chemical storage tanks due higher 
water and another chemicals resistance [10]. Chemical structure of VE-R oligomeric 
monomer is shown on the Figure 6. 
 
Figure 6 Bisphenol A epoxy-vinylester resin; cured by copolymerization with vinyl monomer [9] 
  
12 
Epoxy resins (EP-R) 
Epoxy resins system (EP-R) consists of oligomer containing at least two epoxide groups 
and a curing agent, usually amine compound or a diacid compound (Figure 7) [8] . Wide 
variety of EP-R systems represents some of the highest performance resins available. Their 
mechanical properties exceed other resin systems. Also their environmental resistance is at 
the top in the field of thermosets. Epoxies are used as laminating resins ideal for construction 
of materials for high-performance boats, luxury cars and aircraft applications [11]. 
 
Figure 7 Curing reaction of epoxy resin with diamine [9] 
2.1.2.2 Thermoplastic matrix 
Thermoplastics consist of high-molecular-weight polymer chains which display linear or 
slightly branched macromolecules. Thermoplastic products can be formable at elevated 
temperatures (above their melting or glass transition temperature) and pressures. Mechanical 
properties of thermoplastics depend on molecular structure, molecular weight and 
morphology - amorphous or semicrystaline. The level of crystalinity can be also influenced by 
synthesis and processing conditions. Figure 8 serves as image of mechanical properties of 
some thermoplastics. 
 
 
Figure 8 Mechanical properties of some thermoplastics in tensile loading [12] 
In this chapter I would like to give only brief info about polymers that were used as 
matrices in experiments – poly(methyl methacrylate) (PMMA) and polycarbonate (PC).  
Poly(methyl methacrylate) – PMMA 
PMMA is synthesized by polymerization of methyl methacrylate MMA by various types of 
techniques (suspension, emulsion or in-situ bulk polymerization) [13]. Polymerization is 
mostly conducted at temperatures higher than 40 °C and initiated by peroxide initiators 
(Figure 9). Lower temperatures will result in extend reaction time. Whereas at higher 
temperatures there is a danger due to the exotherm character of polymerization reaction 
(462,2 J/g) that monomer will start to boil, resulting in voids in the final product (main 
problem during bulk polymerization) [14]. 
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Figure 9 Free radical polymerization of MMA [14] 
The most characteristic property of PMMA is its optical transparency and clarity even in 
thicker layers with luminous transmittance 92 % and refractive index 1,49. This property 
determines PMMA for organic glass applications, for example security windows. Its weather 
resistance overcomes common thermoplastics. It weakly resists concentrated acids and 
hydroxides and it is soluble in aromatic and chlorinated hydrocarbons, ketones, esters and 
ethers [13]. Glass transition temperature of common PMMA lies in the range of 100 – 120 °C. 
PMMA exhibits very good mechanical properties. Its tensile modulus is around 3,2 GPa 
with tensile strength 67 MPa and strain at break 3 % without plastic deformation zone during 
tensile loading (stated values are listed by Evonik Industries AG for product Plexiglas
® 
6N 
that was used during experiments). 
Polycarbonate – PC 
PC is synthetised by one of two common methods: phosgenation and reesterification 
(Figure 10). 
PC is transparent with luminous transmittance 85 % and refractive index 1,587. It is good 
soluble in chlorinated hydrocarbons but worse soluble in esters, ketones and aromatic 
hydrocarbons. It resists diluted acids, aliphatic hydrocarbons, alcohols and UV radiation also 
it shows good oxidation stability and resistance to hydrolysis at normal temperatures. 
Hydrolysis resistance is weaker at elevated temperatures. PC is not resistant to long term 
exposure to ammonia, amines and hot water.  
PC exhibits superior high impact toughness even in low temperatures [13]. Comparison 
with PMMA’s mechanical properties is on Figure 11 and Table 2. 
 
 
Figure 10 Phosgenation method (1) and reesterification (2) method of PC synthesis [13] 
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Figure 11 Deformation behavior of three most common polymer glasses – PMMA, PC, PS. 
Deformation behavior in compression (left) and in tension (right) [17] 
2.1.2.3 Thermosets versus thermoplastics 
There are commonly manufactured short and long fiber reinforced thermoplastics 
composites by relatively simple injection molding process. That is most common processing 
technique for thermoplastics and their composites. But there are several industrial reasons 
why thermosets are preferable in continuous fibers reinforced composite manufacturing. The 
most important is processing advantages due to low viscous resin A state providing good 
impregnation of reinforcement. Figure 12 servers for comparison of viscosity of some 
thermoplastics versus thermoset resins. High viscosity of melt thermoplastics significantly 
limits the usage of thermoplastics as matrices for continuous fiber reinforced composites 
[14][16]. This aspect requires application of higher pressures during manufacturing of 
continuous reinforced composites. Anyway products often show higher void content than 
thermoset matrix composites. But manufacturing cycle times for thermoplastics are 
significantly shorter than for their thermoset counterparts. And in addition, thermoplastics can 
be welded and there is also possibility to recycle [14]. Thermoforming of thermoplastics 
composites is one of the most tempting properties. 
But thermosets, mainly for their low viscosity and ease of impregnation, are preferable 
mainly for continuous reinforced composites. Also some historical and manufacturing habits 
plays role in preferring thermosets for composite matrix. On the other hand thermoplastic 
matrices offer properties which thermosets are not able to offer, mainly higher toughness, 
shorter and more simple manufacturing techniques [15]. 
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Figure 12 Viscosity of polymer systems during the melt or reactive (in-situ) processing with 
characteristic temperatures [14] 
Thermosets show brittle facture manner while most of common thermoplastics can 
undergo plastic deformation [16]. If thermoplastic is able to yield and to be plastic deformed 
during loading it is able to offer higher impact resistance [14][16]. See crash tests for CFRP 
composites (Figure 13). But there are also some thermoplastics which show brittle fracture 
behavior in the tension similar to thermosets as well, for example PMMA, PS. 
Anyway, thermoplastics are tougher than thermosets but their mechanical properties are 
strongly influenced by temperature and applied strain rate. Under constant load conditions the 
strain tends to increase with time – creep occurs [16]. More obvious viscoelastic behavior can 
be observed for thermoplastics. 
The most of the common thermoplastics are cheaper than thermoset resins. 
 
Figure 13 Crash load – displacement curves of CFRP composites – crash absorbers [18] 
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2.1.3 Reinforcement 
Composite mechanical properties are controlled by: 
· fiber/matrix mechanical properties 
· fiber volume fraction [1][9][23] 
· fiber/matrix interface properties [24] 
· fiber orientation [1][9][20][21][22] 
· fiber length [19][25] as it is illustrated on Figure 14. 
Continual fabric reinforcement allows to incorporate large volume fraction of oriented 
fibers into the composite obtaining best mechanical properties but it is also more expensive 
and processing difficult.  
 
 
Figure 14 Dependence of mechanical properties and price of composite on length and orientation of 
reinforcement [19] 
Then mechanical properties of incorporated fibers plays major role. Effect of fiber’s 
mechanical properties on the final composite properties can be shown on examples of short 
carbon and glass fibers reinforced PP. Where CF/PP with ECF = 238 results in composite 
material with higher tensile modulus and strength than GF/PP with EGF = 78,5 GPa. Influence 
of volume fraction on tensile modulus and strength increase can be observed as well (Figure 
15) [23]. 
 
  
17 
 
Figure 15 Mechanical properties of short glass and carbon fiber PP composites [23] 
Enhanced mechanical properties - tensile modulus and strength can be observed only when 
applied load can be transferred from the matrix into the fibers [1][9]. Sufficient level of 
fiber/matrix adhesion is needed for successful load transfer from matrix to fibers. Different 
types of fiber’s surface treatment can influence fiber matrix interactions (physical and 
chemical) and thus the final composite properties. Improvement of several mechanical 
properties via fibers surface treatment of jute/epoxy composites is shown on Figure 16 [24]. 
 
Figure 16 Influence of the NaOH surface treatment of jute fibers (26 wt.% NaOH, treatment time = 20 
min, treatment temperature = 20 °C) on the mechanical properties of jute/epoxy composites 
(vF = 40%) [24] 
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Fracture toughness of short deformable fibers/PMMA composites was examined in the 
study [25]. It is clearly seen that incorporation of low volume fraction of different types of 
fibers led to higher fracture toughness of PMMA based composites. 
 
Figure 17 The GICC determined in the static test according to ASTM D366 for the denture 
base resin modified with S2-glass, PVOH and Kevlar 29 fibers, respectively. The vf = 0,10, 
initial L/d = 267 and the tests were performed at cross head speed of 50 mm/min, at 23 °C and 
RH = 80% [25] 
2.1.3.1 Discontinuous – short and long fiber reinforced composites 
Main difference between short (SFT) and long fiber reinforced thermoplastics (LFT) is in 
fiber’s aspect ratio. Short fibers are usually shorter than 1,0 mm with aspect ratio lower than 
100. These composite can be easily produced by injection molding. Process parameters 
influence the fiber orientation, distribution and length. Three-layer structure with border 
layers higher oriented in flow direction and vertically oriented core layer is formed during the 
injection molding (Figure 18) [21]. 
 
 
 
Figure 18 Fiber orientation in injection molded rectangular shaped part (vF = 50 %) [21] 
Incorporation of long fibers results in creating of more isotropic material [26]. Injection 
molding of long fibers results in the creation of three-dimensional network (Figure 19). This 
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fiber network remains even after ashing of matrix and it is responsible for LFT tremendous 
mechanical properties – higher energy absorption and better creep behavior [26]. For 
comparison of mechanical properties of LFT (Ultramid
®
 Structure) and SFT (GF50/PA6) see 
Figure 19. 
 
 
Figure 19 Properties comparison of long fiber Ultramid
®
 Structure with conventional short fiber 
composite (left) and fiber skeleton after ashing of PA 6 matrix (right), both products with vF = 50 % – 
Product of BASF [26] 
2.1.3.2 Continuous fiber reinforced composites 
Pultruded profiles and laminates are most common forms of continuous fiber reinforced 
plastics. Individual plies or laminas are stacked at specific sequence and oriented under 
specific angles for providing best mechanical properties in the direction of primary load that 
will be applied on laminate. See Figure 20 for schematic view of laminas stacking and 
laminate cross section. Change of lamina mechanical properties from 0 ° to 90 ° to the fibers 
orientation is shown. For this reason, it is necessary to orient so many layers in a number of 
different directions to maintain load-carrying capability of laminate. This laminate is called 
quasi-isotropic laminate, because it carries equal loads in all three directions [1][2]. 
Anyway, large disadvantage of laminate is time consuming manufacture and in the case of 
carbon reinforcement (CFRP – Carbon Fibers Reinforced Plastics) also price that is suitable 
only for luxury goods, aeroplanes or aerospace applications (Figure 21). 
Continuous fibers thermoplastic (CFT) composites are relatively new to the composite 
industry if we compare their history with their thermoset counterparts. Continuous fiber-
reinforced thermoplastic composites are promising materials for light-weight structural 
components [30] profiting from the properties of thermoplastic matrix. 
Successful impregnation of continuous textile reinforcement with thermoplastic matrices is 
problematic aspect. Some technologies for impregnation of fabric reinforcement were carried 
out so far, for example compression molding, double-belt press, thermoplastic resin transfer 
molding (RTM). Also thermoplastic pultrusion is available for unidirectional reinforcement. 
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Figure 20 A – Stacking of plies into the quasi-isotropic laminate; B – Cross-section of epoxy/carbon 
laminate; C – angular dependence of Young’s modulus of unidirectional lamina – reason to make 
laminate [2] 
 
 
Figure 21 Three-quarter view and cutaway of Murcielago Roadster highlights the all CFRP body 
panels, which are adhesively bonded to the hybrid CFRP/tubular steel chassis [27], Lamborghini 
Aventador monocoque [28] and Boeing 787 Dreamliner materials for exterior parts – as the examples 
of rare and luxury usage of this composites [29] 
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Figure 22 PET/GF laminate manufactured by continual press - IVW Kaiserslautern 
2.2 Manufacturing aspect 
In this chapter I would like to briefly inform about the most important technologies for 
composites aiming on the thermoplastic composites. The most common manufacturing 
techniques are listed on Figure 23. 
 
Figure 23 Most common manufacturing techniques [2] 
2.2.1 Injection molding 
Injection molding is one of the major processing techniques for plastics and composites 
processing. It allows economic manufacturing of wide range of polymers with short 
processing cycles and guarantees quality and shape defined products. 
Material is feed by hoper usually in the form of granulate of pellets (Figure 26). Material is 
melted and homogenized in plasticizing unit and delivered by screw forward and then injected 
into the cooled mold by axial shift of screw (injection). Once the mold cavity is filled, a 
holding pressure is maintained to compensate material shrinkage until material is solidified at 
the gate of mold. Then mold opens and product is removed [31]. Whole process is illustrated 
at Figure 24. 
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Figure 24 Injection molding process: a – injection, b – holding of pressure, c – removing of product 
from the mold [31] 
2.2.2 Compression techniques 
LFT components can be produced by plasticization of polymer matrix with fibers by 
extrusion unit. Feed material is usually in the form of pellets (Figure 26). After plasticization 
a chunk of material come out of unit and it is put into the hot mold and thermoformed by 
press to form the final shape of product. Process is illustrated on Figure 25 [18]. 
Thermoforming of thermoplastic composites allows the deep drawing. 
 
 
Figure 25 Production of long fibers thermoplastic composite by plasticizing unit and final 
thermoforming [18] 
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Figure 26 Long fibers pellets and short fibers granulate [26] 
Compression is also suitable for laminate preparation by stacking thermoplastic films 
between reinforcing fabrics. Layers of polymer and fibers are heated up above processing 
temperature of polymer and then compressed (Figure 27). Impregnation quality is influenced 
by polymer’s viscosity, density of fabric and applied pressure. 
 
 
Figure 27 Stacking of thermoplastic sheets between the reinforcing fabrics for thermoplastic laminate 
thermoforming [32] 
Technique as double belt press (Figure 28) and continual press (Figure 29) were developed 
for manufacturing process of continuous fiber reinforced composites to be more continuous. 
These techniques use fabrics/polymer films or fabrics covered by polymer powder. 
 
 
Figure 28 Double belt press for production of thermoplastic laminates [18] 
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Figure 29 Continual compression molding for manufacturing thermoplastic laminates 
2.2.3 Thermoplastic liquid molding 
Reactive processing of thermoplastic composites seems to have a lot in common with 
manufacturing of thermoset ones [5]. Manufacturing principles of thermoset composites can 
be applied in manufacturing of thermoplastic composites via reactive processing. 
RTM technology uses a laminate, steel or filled thermoset molds. Reinforcement (fabric, 
mattings) is placed in this mold. Resin or solution of polymer in the (co-)monomer, serving as 
reactive solvent, is infused under the pressure with vacuum assist into the mold for better 
impregnation and residual air removing. Molds with heating allow to decrease production 
cycle time and viscosity of resin. Reaction injection molding (RIM) and structural injection 
molding (S-RIM) are variants of RTM processes. These processes exhibit shorter production 
cycles due two components highly reactive resin system [14]. 
 
 
Figure 30 Schematic representation of three reactive processes for manufacturing of thermoplastic 
composites: (a) structural reaction injection molding (S-RIM), (b) vacuum infusion (VI) and (c) resin 
film infusion (RFI) [14] 
2.2.4 Thermoplastic pultrusion 
Pultrusion is a continuous process for manufacturing composite materials with constant 
cross-section profile. Thermoplastic pultrusion uses intermediate material forms to increase 
level of impregnation of fibers by viscous thermoplastic matrix, such as commingled yarns, 
powder-impregnated bundles (Figure 31) [33]. Impregnation is accomplished after melting of 
thermoplastic matrix and application of pressure as fibers entering the mold. Continual 
movement forward is made by pulling mechanism. Thermoplastic pultrusion is viewed on 
Figure 32. 
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Figure 31 Commingled fibers and powder impregnated tows for thermoplastic pultrusion [34] 
 
Figure 32 Thermoplastic pultrusion process [33] 
2.2.5 Hand-lay up process 
Hand-lay up is the simplest process with cheap equipment but it is suitable only for small 
series, prototypes and large area parts due to its time consumption. This technique demands 
qualified and experienced operator what influences final quality of product. 
Layer of separator and gelcoat is applied on the surface of mold. Gelcoat serves as surface 
protecting layer also preventing reinforcement structure to penetrate to the surface. When 
gelcoat is cured, reinforcement (fabric, mattings) is placed into the mold and impregnated by 
roller, brush, palette-knife or by spray pistol. This process is repeated layer by layer. Then 
whole part is molded and resin is cured [9]. 
 
Figure 33 Schematic representation of hand-lay up process [9] 
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2.2.6 Sheet molding compound - SMC 
For SMC process various types of resin and fillers are available as well as wide range of 
additives – inhibitors, initiators, low-profile additives, thickening agents, internal mold 
releases, viscosity reducers and wetting agents. During processing, chopped fiber 
reinforcement is impregnated by resin system in the form of paste. 
After impregnation, the compounded sheets are stored to age in controlled environment 
(normally for 2-5 days). During these days, paste viscosity reaches a level sufficient for 
molding. Viscosity increases from level of 10 000-40 000 mPa∙s to level of  
20∙10
6
-30∙10
6
 mPa∙s. Then sheets with suitable shape are stacked in the mold for obtaining 
required thickness of part and compressed by hot press. Polymerization reaction occurs during 
this process [35]. SMC could be used for reaction processing of thermoplastic composites. 
 
 
Figure 34 Schematic representation of SMC machine [35] 
2.3 Composites in automotive industry 
Aspect of lowering weight of construction parts is main task nowadays. This trend is most 
remarkable in transportation and automotive industry. Trend of increasing usage of polymer 
composite is shown on Figure 35, note that some application spheres show significant increase 
of polymer composite usage. 
 
 
Figure 35 Increase of polymer composite usage in several applications, see significant increase in 
transportation industry [9] 
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Composite parts can offer [18][35]: 
· significant savings in mass up to 50 % and  savings of tooling investments 
· better parts consolidation and styling, flexibility in terms of deep drawn panels is 
available 
· better corrosion, dents and scratch resistance 
· improvements in noise, vibration, harshness 
· safer structures 
 It is shown that 75 % of fuel consumption is related to the vehicle weight [18]. If we 
reduce public transport vehicle’s mass by 100 kg we also reduce its consumption of diesel oil 
by 2 500 l during its lifetime which also leads to less production of CO2 [37]. Increasing of 
fuel efficiency and emission reduction is the biggest motivation for carmakers to use 
polymers and polymer composites as replacement of their metal counterpart [38][39]. 
Composites are commonly used for interior trim panels, bins in family cars, boxes and 
storage systems on pickups (Figure 36), large panels on commercial buses and medium-duty 
trucks, cabs for trucks and also energy absorbing elements [18]. Examples of composites used 
in vehicles and energy absorbing elements can be found on Figure 37. 
 
 
Figure 36 GMC’s Envoy XUV has a composite liftgate and a retractable composite roof (left). Ford’s 
Focus carbon bonnet which weights less than 50 % than standard steel version (right). Production is 
fast enough to be employed in the mass production [35][39] 
 
These composite parts are produced by conventional injection molding, that is most 
simplest and fastest way. Also thermoforming of LFT is quite often technology. 
Carbon composites are being widely adopted in hybrids and luxury super cars [18]. High 
cost of carbon fibers and lack of existing production techniques with sufficient short 
production times are barriers for carbon composites usage to increase. But there are developed 
technologies that can bring carbon composite in the manufacturing sphere of high volume 
cars [39]. For example of CFRP application see Figure 36 of Ford’s Focus carbon bonnet. 
New SMC technologies for faster and cheaper manufacturing cycles are developed [39]. 
Continuous reinforced thermoplastics for automotive applications can be prepared in mass 
production by compression techniques. Cheaper glass fibers are being used for this purpose to 
lower the price for customer’s demands. 
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Figure 37 Composites parts used in cars [18]  
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3 EXPERIMENTAL PART 
3.1 Materials 
3.1.1 Polymer matrix 
PMMA and PC were used as matrix for composites. Their properties, as they are given by 
manufacturer, are listed in the Table 2. PMMA PLEXIGLAS
®
 6N granulate was kindly 
provided for research purposes by Evonik Industries AG. 
Table 2 Used polymer matrices, density and mechanical properties listed in material’s data sheets. 
Melt volume rate was measured. 
Polymer Product code 
Bulk density 
(g∙cm
-3
) 
E 
(GPa) 
σb,y 
(MPa) 
ε 
(%) 
Melt Volume Rate 
(cm
3
/10min) 
PMMA PLEXIGLAS
®
 6N 1,19 3,2 67 3,0 15,70 (230 °C/3,8 kg) 
PC MAKROLON
®
 2407 C 1,20 2,4 66 > 50 17,20 (300 °C/1,2 kg) 
Polymers and fibers were predryed under following conditions before use (Table 3). 
Drying conditions for polymers were chosen by manufacturer’s data sheets recommendations. 
Table 3 Predrying conditions of used materials. 
 Temperature 
(°C) 
Time 
(hours) 
PMMA - PLEXIGLAS
®
 6N 80 4 
PC – MAKROLON
®
 2407 C 120 12 
E–Glass fibers 80 12 
Carbon fibers 80 12 
PBO fibers 
Hot air dryer 105 24 
Vacuum dryer initial pressure 0,2 bar 80 8 
3.1.2 Reinforcement 
Following types of chopped fibers were used: E-glass, carbon and PBO (poly(p-phenylene-
2,6-benzobisoxazole)) fibers. Their initial length, diameter, mechanical properties and surface 
treatment are listed in the Table 4. 
E-Glass fibers CHOPVANTAGE
®
 HP 3540 are manufactured by PPG Fiber Glass. Their 
surface treatment is suitable for wide range of polymer matrices including UP-R, PET, PC, 
PA 6, PA 66, PPS, and styrenics. These fibers were predryed according to manufacturer’s 
data sheet recommendation for 12 hours at 80 °C. Fibers were kindly provided by Polymer 
Institute Brno. 
1 kilogram sample of carbon fibers SIGRAFIL® C30 S003 PUT was provided by SGL 
Group for research purposes. These fibers have polyurethane (PUT) sizing for low 
temperature injection molded thermoplastics. Manufacturer stated that no predrying is needed, 
anyway fibers were dryed for 12 hours at 80 °C. 
PBO fibers ZYLON
®
 AS were purchased from TOYOBO CO., LTD. Manufacturer 
applies no surface treatment. Fibers contain water from manufacturing process. Manufacturer 
recommended temperatures in the range of 100-200 °C and sufficient long time to dry PBO 
fibers. Temperature 105 °C was chosen for drying for 24 hours, then for 8 hours in vacuum 
dryer at 80 °C with initial pressure 0,2 bar. 
  
 
  
30 
Table 4 Properties of used glass, carbon and PBO fibers 
 Type of fibers 
 E-Glass Carbon PBO 
Product code 
CHOPVANTAGE
®
 
HP 3540 
SIGRAFIL® 
C30 S003 PUT 
ZYLON
® 
AS 
Length (mm) 3,8 3 3,5 
Diameter (µm) 10 7 12 
Density (g∙cm-3) 2,58 1,80 1,54 
Initial aspect ratio – L/d 380 429 290 
E (GPa) 73 240 180 
σb (MPa) 3 600 4 000 5 800 
εb (%) 4,8 1,7 3,5 
Surface treatment Silane* PUT None 
*
 - Silane – universal sizing, compatible with UP-R, PET, PC, PA6, PA66, PPS and styrenics polymers 
3.2 Composites preparation 
Composites were prepared by melt mixing in three piece Brabender mixer with roller type 
of blades (screws) (Figure 38). Mixing chamber had volume 45 cm
3
 and electric resistivity 
heating in three zones.  Each polymer matrix was plasticized for 2 minutes and then fibers 
were dosed (see Table 5 and Table 6 for dosed weight fractions of components). Polymer with 
fibers was then mixed for 2 minutes. Neat polymers were also mixed in the mixing chamber 
for same period of time at same temperatures and screws rotation speed (40 rpm). 
Temperature was chosen according to materials data sheets (PMMA – 230 °C, PC – 300 °C) 
to obtain the highest melt volume rate. Torque moment change was watched during the time 
of mixing. 
 
Figure 38 Brabender three piece mixer; left – assembly form; right – detailed view on blades 
Table 5 Conditions during the composite preparation 
Matrix 
Temperature 
(°C) 
Screws rotation 
per minute 
Plasticizing 
time 
Mixing time 
with fibers 
PMMA - Plexiglas
®
 6N 230 40 2 min 2 min 
PC - Makrolon
®
 2407 C 300 40 2 min 2 min 
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Code names of composites consist of polymer matrix / reinforcing fibers _ and fiber 
volume fraction. 
Table 6 Table for dosage of matrix/fibers, fiber weight fraction wF and fiber volume fraction –vF 
calculated from matrix/fibers dosage for PMMA and PC composites. 
Sample code 
Dosage 
Matrix/Fibers 
(g) 
wF 
(%) 
vF 
(%) 
Sample code 
Dosage 
Matrix/Fibers 
(g) 
wF 
(%) 
vF 
(%) 
PMMA 53,6 / 0,0  0,0 0 PC 53,6 / 0,0  0,0 0 
PMMA/GF_10 48,2 / 11,6 19,4 10 PC/GF_10 48,2 / 11,6 19,4 10 
PMMA/GF_20 42,3 / 23,2 35,4 20 PC/GF_20 42,3 / 23,2 35,4 20 
PMMA/GF_30 37,5 / 34,8 48,1 30 PC/GF_30 37,5 / 34,8 48,1 30 
PMMA/GF_40 32,1 / 46,4 59,1 40 PC/GF_40 32,1 / 46,4 59,1 40 
PMMA/CF_10 48,2 / 8,1 14,4 10 PC/CF_10 48,2 / 8,1 14,4 10 
PMMA/CF_20 42,3 / 16,2 27,7 20 PC/CF_20 42,3 / 16,2 27,7 20 
PMMA/CF_30 37,5 / 24,8 39,8 30 PC/CF_30 37,5 / 24,8 39,8 30 
PMMA/CF_40 32,1 / 32,4 50,2 40     
PMMA/PBO_10 48,2 / 6,9 12,5 10 PC/PBO_10 48,2 / 6,9 12,5 10 
PMMA/PBO_20 42,3 / 13,9 24,7 20 PC/PBO_20 42,3 / 13,9 24,7 20 
PMMA/PBO_30 37,5 / 20,8 35,7 30 PC/PBO_30 38,1 / 20,7 35,2 30 
PMMA/PBO_40 32,1 / 27,7 46,3 40 PC/PBO_40 32,1 / 27,7 46,3 40 
Chunk of material was obtained from the mixing process and still plastic and formable 
material was put in the hand-press to obtain material in flat form. Specimens with thickness 
varied from 0,6 to 1,2 mm (depend on the fibers volume fraction) were prepared by pressing 
in Fontijne Grotnes B.V.’s laboratory press model LPB 300. Hot press conditions are listed in 
the Table 7. 
Table 7 Hot press conditions of composites into the sheet form by laboratory press LPB 300 
 PMMA PC 
Temperature 190 °C 200 °C 
Preheating time (plasticizing time) 10 min 10 min 
Applied force 295 kN 295 kN 
Time of applying force 2 min 2 min 
Water cooling at laboratory temperature 
Demolding 
Tensile test specimens (dog-bones) and rectangular shaped specimens for DMA were 
punched out from sheets. Tensile test specimens from the composites with 30 and 40 fibers 
volume % were cutted by waterjet because defectless specimens couldn’t be prepared. 
Composites manufacturing process and preparation of testing specimens are illustrated at 
Figure 39. 
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Figure 39 Composite manufacturing process and preparation of testing specimens (GF reinforced 
composite) 
3.3 Methods 
3.3.1 Torque change with the time of mixing 
Brabender mixer was equipped with torque moment measurement device and its change 
over the time of mixing was watched. 
3.3.2 Fiber content evaluation 
For investigating of fiber volume fraction was used Thermogravimetric Analysis (TGA). 
TGA measures the sample weight change as a function of temperature or time under specified 
conditions – atmosphere, temperature, heating rate. TA Instruments TGA Q500 was used for 
analysis (Figure 40). 
TGA was performed on samples that had properties most similar to average mechanical 
properties according to tensile test. TGA of PMMA composites was performed on samples 
with weight approximately 20 mg under nitrogen atmosphere to avoid the oxidation of carbon 
and PBO fibers. Heating rate 50 °C/min was chosen and PMMA composites were heated up 
to 500 °C. 
PC/GF composites were burned in the air atmosphere at 700 °C with 10 minutes of 
isothermal step and then temperature was increased up to 750 °C. 
There was unable to pyrolise PC matrix without additional weight loss of carbon and PBO 
fibers even in N2 atmosphere. Small pieces of PC/CF and PC/PBO composites were weighed 
at analytical weights and they were dissolved in tetrahydrogen furan (THF) at 65 °C while 
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magnetic stirring. After 1 hour fibers were filtered out, dryed and weighed at analytical 
weights (Figure 40). 
 
Figure 40 TGA Q500 used for thermo gravimetric analysis and filtration apparatus for dissolution of 
PC/CF and PC/PBO composites 
3.3.3 Scanning Electron Microscopy – SEM 
Focused beam of electron scans surface of sample. Electrons interact with sample surface 
atoms producing various signals that are detected by various types of detectors. These signals 
from specified positions on sample are used to reconstruct the image of sample’s surface, its 
topography – detections of secondary electrons, or chemical composition – detections of back 
scattered electrons [45]. 
Fracture surfaces of samples that had properties most similar to the average mechanical 
properties according to tensile test were chosen for SEM observation. Au-Pt coating was 
sputtered on samples to increase their electric conductivity. Zeiss EVO LS10 microscope 
(Figure 41) was used for observations of composite structure. 
 
Figure 41 Zeiss EVO LS10 scanning electron microscope used for observations of composites 
structure at fracture surface [45] 
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3.3.4 Confocal Laser Scanning Microscopy – CLSM 
Observation by confocal laser scanning microscope in the optical mode was used for 
evaluation of average fiber length. Microscope LEXT OLS 3000 (Figure 42) and its software 
able to measure two points distance was used for these measurements. Fibers remained from 
TGA and fibers from dissolution of PC/CF and PC/PBO were chosen for this analysis. Fibers 
were dispersed in the acetone in Petri dish then acetone was evaporated. Objective with 
magnitude 5× was used for observations. At least 500 of fibers were found and their length was 
measured by microscope software and average fibers length was calculated. 
  
Figure 42 CLSM microscope LEXT OLS 3000 and image of software fibers length counting 
3.3.5 Tensile test 
Mechanical properties of material in tension are one of the most important material’s 
characteristics for structural parts design. Tensile test allows to determine tensile (Young’s) 
modulus of elasticity E and other material’s mechanical characteristics like yield stress σy or 
strain at yield point εy, where first macroscopic plastic deformation occurs, strength of 
material σB and strain at break εB. These mechanical characteristics further determine the 
usage of material for specific application.   
Zwick-Roel Z010 (Figure 43) device was used for tensile test. Load indicator with 
maximum 10 kN was used for measurements and grips with manual screw clamping of the 
specimen, with 2,5 kN maximum workable force, were used. Testing specimens, according to 
EN ISO 527, were punched or cutted by waterjet out from the composite sheets. Dimensions 
of testing specimens are on the Figure 43 and testing conditions are listed in the Table 8. 
Tensile test was performed according to EN ISO 527. Minimum 10 testing specimens were 
measured while significantly deviant results were discarded from the statistic. 
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Figure 43 Zwick-Roel Z010 used for tensile test with clamped testing specimen in manually screwed 
clamps workable up to 2,5 kN and load indicator for maximum force 10 kN. Testing specimen with 
dimensions according to standard specimen 5A from EN ISO 527 (only thickness differed) 
Table 8 Tensile test conditions according to EN ISO 527 
Testing specimen 5A according to EN ISO 527 
Temperature Laboratory 25 °C 
Grip-to-grip separation (LE Position) 50 mm 
Pre-Load 1 N 
Pre-Load Speed 1 mm/min 
Test Speed 1 mm/min 
Tensile modulus determining method Secant 
Boundaries for tensile modulus determining method 0,05 – 0,25 % strain 
Test End Force threshold 50 % 
3.3.6 Dynamic mechanic thermal analysis – DMTA 
Viscoelastic materials show two kinds of response to the applied mechanical energy: 
1. Elastic part of behavior that immediately responds to the external mechanical  
stimulus by deformation of specimen 
2. Viscous part of behavior that dissipate portion of mechanical energy avoiding the 
immediate deformation – mechanical loss (damping) 
 
We can split stress amplitude in two parts using vector representation (Figure 44-C). One 
is in the phase with deformation that represent elastic part of behavior and allows to 
determine the Storage modulus – E'. Second part of stress amplitude is shifted by π/2 and 
represent viscous behavior of material allowing determine so called Loss modulus –E''. Ratio 
between these two moduli is called mechanic damping factor – tan δ. Heating of sample 
allows to measure viscoelastic properties at different temperatures – DMTA. 
'
"
tan
E
E
=d  (1) 
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Figure 44 A – amplitude of stress and fell back deformation response; B - sinusoidal course of stress 
and strain evolved in the material; C – vector decomposition of stress 
Dynamic mechanic thermal analysis was used for investigate of viscoelastic response of 
composites. Testing samples were punched out from the composite sheets. DMTA was 
carried out using TA Instrument RSA G2 (Figure 45). Single cantilever geometry was used 
with clamping (support) distance 12 mm. Dimension of specimen is approximately 25×6,5 
mm with thickness varied from 0,6 – 1,2 mm (depend on the fibers volume fraction). Firstly 
the strain sweep was carried out under frequency of 1 Hz in the strain range from 1∙10
-3
 % to 
0,1 % to determine the appropriate strain for temperature ramp. Axial force 0,01 N in tension 
was chosen during temperature ramps because of thermal expansion and sample geometry 
change above the Tg. Further details of test are listed in Table 9. 
 
 
Figure 45 TA Instruments RSA G2 machine used for DMTA with detail of single cantilever geometry 
and carbon reinforced specimen clamped in geometry with dimensions approximately 25×6,5×1 mm 
and clamping distance 12 mm. 
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Table 9 Details of DMTA conditions 
 DMTA - Temperature ramp 
Geometry Single Cantilever 
Clamping (support) length 12 mm 
Sample length 25 mm 
Sample width aprox. 6,5 mm 
Sample thickness aprox. 0,6 – 1,2 mm 
Conditioning temperature 40 °C 
Equilibration 30 s 
Temperature Ramp 
PMMA 40-160 °C 
PC 40-200 °C 
Ramp rate 3 °C/min 
Frequency 1 Hz 
Strain 0,05 % 
Sampling rate 10 pts/s 
Axial Force  On – Tension 
Axial Force 0,01 N 
Sensitivity of axial force 1∙10
-3 
N 
Proportional force Mode Constant 
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4 EXPERIMENTAL RESULTS AND THEIR DISCUSSION 
4.1 Torque moment change 
It is clearly seen that after approximately 60 seconds for each of the composite system no 
significant decrease of torque moment can be observed. Thus we can say that main part of 
fibers dispersion in the matrix took a part in first 60 seconds. Fibers were fractured for whole 
time of mixing. Based on these data it can be said that poor dispersion of PBO can be 
expected. Change of torque moment with the time of mixing is at Figure 46 (for PMMA 
composites) and Figure 47 (for PC composites). 
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Figure 46 Torque moment change with the time of mixing PMMA matrix with fibers and torque 
moment change during the plasticizing of PMMA matrix (neat PMMA)  
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Figure 47 Torque moment change with the time of mixing PC matrix with fibers and torque moment 
change during the plasticizing of PC matrix (neat PC) 
4.2 Fiber content 
Thermo-gravimetric analysis (TGA) was carried out to investigate exact weight fraction of 
fibers in the composite. Weight fraction was transformed into volume fraction (Equation 2). 
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Where: 
vF – fiber volume fraction 
wF – fiber weight fraction 
ρM – density of matrix 
ρF – density of fibers 
(2) 
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PMMA matrix was easily pyrolyzed in nitrogen atmospehere. It was found out that fiber 
weight (and volume) fractions slightly differ from calculated volume fractions: 10, 20, 30, 
40 %. Individual thermo gravimetric curves are listed at Figure 48-50 and TGA investigation 
results for exact fiber volume fraction in PMMA composites are listed in the Table 10. 
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Figure 48 TGA of PMMA/GF composites, heating rate 50 °C/min, heating up to 500 °C, N2 
atmosphere 
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Figure 49 TGA of PMMA/CF composites, heating rate 50 °C/min, heating up to 500 °C, N2 
atmosphere 
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Figure 50 TGA of PMMA/PBO composites, heating rate 50 °C/min, heating up to 500 °C, N2 
atmosphere 
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Table 10 Dosage of matrix/fibers of PMMA composites with calculated fiber weight (wF) and volume 
(vF) fractions versus investigated exact fiber weight (wF-E) and volume (vF-E) fractions by TGA 
Sample code 
Dosage 
Matrix/Fibers 
(g) 
wF 
(%) 
vF 
(%) 
wF-E 
(%) 
vF-E 
(%) 
PMMA 53,6 / 0,0 0,0 0,0 0,0 0,0 
PMMA/GF_10 48,2 / 11,6 19,4 10 20,88 11,00 
PMMA/GF_20 42,3 / 23,2 35,4 20 31,65 17,83 
PMMA/GF_30 37,5 / 34,8 48,1 30 47,94 30,11 
PMMA/GF_40 32,1 / 46,4 59,1 40 59,58 40,87 
PMMA/CF_10 48,2 / 8,1 14,4 10 13,79 11,01 
PMMA/CF _20 42,3 / 16,2 27,7 20 25,49 20,92 
PMMA/CF _30 37,5 / 24,8 39,8 30 33,79 28,29 
PMMA/CF _40 32,1 / 32,4 50,2 40 48,43 42,02 
PMMA/PBO_10 48,2 / 6,9 12,5 10 11.97 9,53 
PMMA/PBO_20 42,3 / 13,9 24,7 20 24,30 19,87 
PMMA/PBO _30 37,5 / 20,8 35,7 30 33,49 28,02 
PMMA/PBO _40 32,1 / 27,7 46,3 40 42,81 36,63 
 
For PC composites, TGA was used only in the case of PC/GF. Air atmosphere was used 
for burning PC matrix out (Figure 51). 
Degradation on-sets of composites (PMMA and PC composites) are shifted to higher 
slightly temperatures. It is effect of filler (fibers) with higher heat capacity. Fibers absorb the 
heat energy and prevent degradation of polymer. 
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Figure 51 TGA of PC/GF composites, heating rate 50 °C/min, air atmosphere, heating up to 700 °C, 
isothermal step for 10 minutes, heating up to 750 °C  
Carbon and PBO fibers lost weight in the process of PC pyrolysis thus PC matrix could not 
be pyrolised in N2 atmosphere nor burned in air atmosphere without additional weight loss of 
fibers. Dissolution of PC matrix was chosen to determine exact carbon and PBO fibers 
volume fraction. All fiber volume fractions investigations for all PC composites are listed in 
the Table 11. 
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Table 11 Dosage of matrix/fibers of PC composites with calculated fiber weight (wF) and volume (vF) 
fractions versus investigated exact fiber weight (wF-E) and volume (vF-E) fractions by TGA (PC/GF 
composites) and dissolution method (PC/CF and PC/PBO composites) 
Sample code 
Dosage 
Matrix/Fibers 
(g) 
wF 
(%) 
vF 
(%) 
wF-E 
(%) 
vF-E 
(%) 
PC 53,6 / 0,0  0,0 0 0,0 0 
PC/GF_10 48,2 / 11,6 19,4 10 19,68 10,39 
PC/GF_20 42,3 / 23,2 35,4 20 34,91 20,21 
PC/GF_30 37,5 / 34,8 48,1 30 44,28 27,31 
PC/GF_40 32,1 / 46,4 59,1 40 57,66 39,19 
PC/CF_10 48,2 / 8,1 14,4 10 13,53 9,446 
PC/CF _20 42,3 / 16,2 27,7 20 33,41 25,07 
PC/CF _30 32,1 / 32,4 50,2 40 46,72 36,89 
PC/PBO_10 48,2 / 6,9 12,5 10 11,94 9,56 
PC/PBO_20 42,3 / 13,9 24,7 20 27,69 22,98 
PC/PBO _30 37,5 / 20,8 35,7 30 34,04 28,68 
PC/PBO _40 32,1 / 27,7 46,3 40 46,26 40,15 
4.3 Average fiber length 
Length of fibers from the narrow part of tensile test specimens was investigated because 
they are mainly response for composite’s mechanical properties. Note that punching and 
cutting out of test specimens influenced fibers length. 
Glass and carbon fibers (Figure 52) were straight and thus they can use their whole length 
to transfer the stress due to friction between matrix and fiber. Their initial length dramatically 
decreased due the manufacturing process. 
Otherwise PBO fibers showed only limited decrease of their length and they were 
entengled, bended (Figure 53) and thus these fibers can not use their whole length to transfer 
the stress by friction. It is unable to determine the average fibers length that is reinforcing 
effective in one direction. It was assumed that PBO fibers showed no significant orientation in 
the composite due their high length and their entanglement making the orientation of fibers in 
the melt by pressure impossible at high volume fractions. Fibers network was still compact 
even after PMMA pyrolysis and it had to be carefully disintegrated by tweezers. PC 
composites fibers show similar behavior, except of fibers length that differs. 
Average fiber lengths with resulting aspect ratios are listed in the Table 12. Decreasing 
fiber length can be observed with increasing fibers volume fraction because increase of shear 
forces during mixing of fibers with polymer matrix that causes fractures of fibers. 
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Figure 52 Glass (left) and carbon (right) fibers from PMMA/GF_10 and PMMA/CF_10 composites 
after TGA - magnitude 5x 
 
Figure 53 Entangled and bended PBO fibers in the PMMA/PBO_10 after TGA - magnitude 5x 
Table 12 Average fiber lengths of composites measured from minimum of 500 fibers by LEXT OLS 
3000 microscope software, fibers observed by objective with 5× magnitude in optical mode. 
Composite Average Length 
(μm) 
Aspect 
ratio 
Composite Average Length 
(μm) 
Aspect 
ratio 
PMMA/GF_10 460 ± 288 46,0 PC/GF_10 464 ± 273 46,4 
PMMA/GF_20 331 ± 183 33,1 PC/GF_20 332 ± 222 33,2 
PMMA/GF_30 226 ± 134 22,6 PC /GF_30 173 ± 108 17,4 
PMMA/GF_40 195 ± 113 19,6 PC /GF_40 174 ± 120 17,5 
PMMA/CF_10 239 ± 159 34,2 PC /CF_10 239 ± 141 34,2 
PMMA/CF_20 173 ± 101 24,8 PC /CF_20 143 ± 134 20,5 
PMMA/CF_30 192 ± 96 27,4 PC /CF_30 89 ± 73 12,8 
PMMA/CF_40 164 ± 92 23,5 – 
PMMA/PBO_10 Not Measured N/A PC /PBO_10 Not Measured N/A 
PMMA/PBO_20 Not Measured N/A PC /PBO_20 Not Measured N/A 
PMMA/PBO_30 Not Measured N/A PC /PBO_30 Not Measured N/A 
PMMA/PBO_40 Not Measured N/A PC /PBO_40 Not Measured N/A 
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Figure 54 Average fiber length with errors in the glass and carbon reinforced composites determined 
by CLSM microscope software measurement, curves serves only for eye guidance 
4.4 Fracture surfaces observations 
SEM observations of specimens after tensile test were performed to investigate level of 
matrix/fiber adhesion and to see how adhesion, fiber orientation and fiber deformation can 
influence the properties of composites. 
SEM micrographs of fracture surfaces reveal uniformly dispersed fibers that are pulled 
from the matrix. Increasing fiber volume fraction increases total number of transverse 
oriented fibers (Figure 56, Figure 58, Figure 60, Figure 62, Figure 64, Figure 66). 
PMMA/GF composites show poor matrix/fiber adhesion (Figure 57). Glass fibers have 
typically smooth surface with no traces of PMMA matrix stuck on fibers. Fibers have very 
good defined circle cross section with diameter approximately 10 μm. Large defect around the 
fibers are visible creating free space between fiber and PMMA matrix. Fibers were pulled out 
of the matrix after stress needed for interface breaking was reached. Also residual holes after 
fibers pull out shows no traces of matrix destruction. Increasing number of transverse oriented 
fibers can be found with increasing fiber volume fraction with almost dominant transverse 
orientation at PMMA/GF_40 fracture surface (Figure 56). 
PMMA/CF seems to have slightly better adhesion level at matrix/fiber interface than 
PMMA/GF where rough surface morphology of carbon fibers could help to increase adhesion 
of matrix to fibers. Defects at matrix/fiber interface are visible and more transverse 
orientation of fibers is visible at PMMA/CF_40 fracture surface. Not every carbon fiber has 
circular cross-section (Figure 59). Increasing number of transverse oriented fibers was found 
again (Figure 58). Large area shows transverse orientation of fibers where residual trails of 
undispersed fiber bundles can be found. 
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PBO fibers with length in millimeters are pulled from the matrix (Figure 60). Fibers show 
significant deformation and change of their cross section. They are elongated by tension and 
also by process of unraveling of their entangled network. Kink bands are present on the fibers 
(Figure 61). Also PBO micro fibrils creating PBO fiber superstructure appear. 
 
 
Figure 55 Scanning electron microgrpah of PBO fiber morphology (left image - magnitude 300× in 
SE detection mode), with schematic representation of microfibrilar structure of PBO fiber and its 
filamented structure [43] 
PC composites showed slightly better matrix/fiber adhesion than PMMA composites. 
PC/GF (Figure 63) shows traces of stuck PC matrix on the surface of smooth glass fiber but 
holes after fiber pull out show no traces of inner matrix destruction. 
PC/CF (Figure 65) showed the best level of matrix/fiber adhesion. Carbon fibers are 
covered by thick layer of PC matrix. Some of the fibers are pulled out of matrix also with 
pieces of stuck matrix and thus it is assumed that matrix/fiber interface failure did not occur 
but fibers were pulled out off matrix also with matrix/fiber interphase region. 
PBO fibers in PC/PBO (Figure 67) composites show again large deformation with visible 
Kink bands and also smaller filament fragments of PBO fiber superstructure. Filaments are 
more frequent and their number is much higher than in the case of PMMA composites what 
could lead to conclusion that PBO fibers structure could influenced by condition during 
PC/PBO manufacturing – temperature that could disrupt weak PBO intermolecular 
interactions. Deformation, pulling out and possibility to disintegrate PBO fibers into 
microfilament structure bring other deformation mechanisms that increases fracture energy of 
composite and could lead to increased impact resistance. 
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Figure 56 Fracture surfaces of PMMA/GF from SEM – increasing number of transverse oriented 
fibers can be found with increasing fiber volume fraction. PMMA/GF_40 shows dominant transverse 
orientation of fibers. Magnitude 300× in SE detection mode. 
 
Figure 57 Scanning electron micrograph of PMMA/GF_40 - magnitude 5 000× in SE detection mode. 
Circular glass fibers pulled out of PMMA matrix. Notice defects around glass fibers (1) with no traces 
of stuck PMMA matrix at fibers surface. Smooth holes without inner matrix destruction (2). 
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Figure 58 Fracture surfaces of PMMA/CF from SEM – increasing number of transverse oriented 
fibers can be found with increasing fiber volume fraction. PMMA/CF_40 shows dominant transverse 
orientation of fibers. Magnitude 300× in SE detection mode. 
 
Figure 59 Scanning electron micrograph of PMMA/CF_40 - magnitude 5 000× in SE detection mode. 
Carbon fibers pulled out of the PMMA matrix. Notice the defect around carbon fibers with no traces 
of stuck PMMA matrix at fibers surface (1). Rough morphology of carbon fibers is visible not only at 
fiber surface but also in holes where fibers were pulled/tore from (2). Not every fiber has circular cross 
section (3). 
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Figure 60 Fracture surface of PMMA/PBO_10 - magnitude 300× (lef) and fracture surface of 
PMMA/PBO_40 (right) with tore off (2) matrix and filaments from PBO fiber (2) - magnitude 200× in 
SE detection mode. 
 
Figure 61 Scanning electron micrograph of PMMA/PBO_30 - magnitude 5 000× in SE detection 
mode. Deformed PBO fiber pulled and tore from PMMA matrix. Large defects between fiber and 
matrix is clearly visible (1). Kink bands are visible on PBO fibers (2). 
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Figure 62 Fracture surfaces of PC/GF from SEM – increasing number of transverse oriented fibers 
can be found with increasing fiber volume fraction. Composites show dominant transverse orientation 
of fibers. Magnitude 300× in SE detection mode. 
 
Figure 63 Scanning electron micrograph of PMMA/GF_10 - magnitude 5 000× in SE detection mode. 
Glass fibers pulled from the PC matrix with slightly stuck matrix on the fiber surface (1). Holes with 
no traces of destruction after fibers pull out (2). 
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Figure 64 Fracture surfaces of PC/CF from SEM – increasing number of transverse oriented fibers 
can be found with increasing fiber volume fraction. PC/CF_40 shows dominant transverse orientation 
of fibers. Magnitude 300× in SE detection mode 
 
Figure 65 Scanning electron micrograph of PC/CF_10 - magnitude 5 000× in SE detection mode. PC 
matrix shows good adhesion to carbon fibers (1). Fibers are covered by PC matrix. There is visible 
layer of PC matrix stuck on carbon fibers. 
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Figure 66 Fracture surfaces of PC/PBO from SEM – fibers with length in millimeters pulled out of the 
matrix. Lot of kink bands is present on each of fibers and more frequent filament from PBO fiber 
structure with increasing fiber content occurs. Magnitude 300× in SE detection mode 
 
Figure 67 Scanning electron micrograph of PC/PBO_30 - magnitude 5 000× and 15 000× in SE 
detection mode. Destroyed PBO fiber reveals microfibrilar structure (1) and visible Kink bands (2) 
with small PBO filaments (3) tore from PBO fiber off 
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Halpin-Tsai equation vs. experimental results 
Self-consistent micromechanic model by Halpin-Tsai [40,41,42] is used for prediction of 
short fibers composite moduli. This equation is able to calculate theoretic modulus in 
longitudinal E11 (Equation 3) and transverse E22 (Equation 4) modulus of short fibers 
composites with unidirectional fiber orientation. Tsai and Pagano [41] used Equation 5 to 
predict also properties of randomly oriented short fibers composites. 
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E11 – Longitudinal composite modulus 
E22 – Transverse composite modulus 
EM – Matrix modulus 
EF – Fiber modulus 
vF-E – exact fibers volume fraction 
ζ – aspect ratio 
ηL – fiber reinforcing efficiency in longitudinal direction 
ηT – fiber reinforcing efficiency transverse direction 
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EC – modulus of randomly oriented short fibers composite 
 
Measured fiber volume fractions from TGA and average fiber length from CLSM 
observations were used for calculations in equations listed upper. It was hardly to determine 
the ratio between transverse and longitudinal oriented fibers and Tsai and Pagano model for 
calculation of EC was used. For each fiber volume fraction was calculated its own aspect ratio 
determined by CLSM average fiber length measurement thus this Halpin-Tsai model is not 
only function of fiber volume fraction but also function of ζ. Tensile moduli of neat matrices 
determined by tensile test were used for calculation. 
Experimental relative tensile modulus (EC/EM) was compared with Halpin-Tsai prediction 
of modulus. 
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4.5 Tensile properties 
4.5.1 Neat matrices 
It was needed to measure mechanical properties of neat PMMA and PC that was affected 
by same manufacturing process like other composites to investigate the influence of 
reinforcement. 
PMMA tensile modulus agrees with manufacturer’s data sheet. It’s strength was measured 
as 47,0 MPa but only 1,8 % elongation to break (E = 3,2 GPa, σb = 67 MPa and εb = 3 % - 
manufacturer data sheet). PC showed dramatic decrease of elongation to value 15,0 % while 
its tensile modulus, yield stress (σY) and strain at yield point (εY) agrees with manufacturers 
data sheet. Thermal history of manufacturer’s specimens and investigated specimens can 
differ. Degradation of polymers could occur. 
 Processing stabilizing agent (for example Irganox 1010) should be added into the mixing 
process to help to avoid possible degradation of polymers. PMMA degrades by unzipping of 
terminal monomer units and thus slowly decreases its molecular weight. On the other hand 
PC could degrade by cleavage of macromolecule not at its ends but in its center and this could 
lead to dramatically decrease of PC molecular weight – length of macromolecules that is 
needed for creating sufficient dense network of entanglements responsible for PC ductility. 
All stress/strain curves are listed in appendix section. 
 
Table 13 Statistic of tensile test for neat PMMA and PC 
PMMA PC 
 
E 
(GPa) 
σB 
(MPa) 
εB 
(%) 
E 
(GPa) 
σY 
(MPa) 
εY 
(%) 
σB 
(MPa) 
εB 
(%) 
Average 
3,2 
± 0,1 
47,0 
± 3,0 
1,8 
± 0,2 
2,5 
± 0,1 
63,0 
± 1,0 
4,7 
± 0,1 
49,0 
± 2,0 
15,0 
± 3,0 
Perc.Dev. 1,6 % 6,9 % 10,6 % 2,4 % 1,7 % 1,7 %
 
4,6 % 19,7 % 
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Figure 68 Stress/strain curves for neat PMMA: standard tensile test specimen 5A according to EN 
ISO 527, temperature 25 °C, tensile test speed 1 mm/min. Curves are x-offseted by 0,1 % 
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Figure 69 Stress/strain curves for neat PMMA: standard tensile test specimen 5A according to EN 
ISO 527, temperature 25 °C, tensile test speed 1 mm/min. Curves are x-offseted by 0,5 % 
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4.5.2 Composites tensile properties 
Tensile modulus increases almost linear (with some deviations) with increasing fibers 
volume fraction. Carbon fibers reinforced composites showed highest tensile modulus and 
tensile strength. PBO fibers despite their tremendous mechanical properties showed negligible 
increase of modulus even with increasing volume fraction. Experimental comparison with 
Halpin-Tsai prediction is at Figure 70. 
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Figure 70 Experimental results of relative composite modulus vs. Halpin-Tsai prediction, where exact 
fiber volume fraction and exact aspect ratio (ζ) was used for calculations 
Deviational decrease of tensile modulus and decrease of strength at higher fibers volume 
fraction (Figure 70, Figure 71) can be explained by increasing counts of defect like badly 
dispersed fibers that decreases total fiber volume fraction that is in contact with matrix and 
thus load can not be transferred into all fibers present in the composite because of lack of 
transferring matrix. Defect act like stress concentrators. On SEM micrographs of fracture 
surfaces of composites with higher fiber content can be observed large areas with transverse 
oriented fibers where bundles of fibers can be found. 
Fibers orientation also plays significant role. Orientation of fibers can be more easily 
achieved at lower fiber concentration because fibers are able to be aligned in flow direction of 
melted matrix by pressure during the manufacturing. Composites with higher fiber volume 
fractions showed less fibers oriented in longitudinal direction.  
Composite mechanical properties are influenced by matrix/fiber interface and ability to 
transfer the load into the fibers by this interface. Not compact matrix/fibers interfaces are 
sources for initial cracks and increasing volume fraction of fibers bad matrix/fiber adhesion 
elevates this effect. Strength of this interface mainly influences the ultimate strength - σb of 
the composites because when critical stress, needed to break interactions (physical, chemical) 
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between matrix and fiber, is reached failure of composite occurs. This effect is more easily 
achieved when defect are present acting like stress concentrators. PMMA composites showed 
significantly worse matrix/fiber (carbon mainly) adhesion than PC composites. Noticeable 
difference is at CF reinforced composites where strength and also strain of the PC/CF 
significantly exceed PMMA/CF. SEM micrographs of PMMA/CF (Figure 59) and PC/CF 
(Figure 65) showed substantial difference of matrix/fiber adhesion. PC matrix/fiber interface 
is stronger and thus more power is needed to break it. 
Very good match of experimental and Halpin-Tsai results can be found. Deviations can be 
explained by different ratio of longitudinal/transverse oriented fibers (transverse orientation is 
dominant at high vF). Presence of defect affects the course of experimental modulus trend. 
Also values of aspect ratio are very rough (high average fiber length deviation). 
Explanation why PBO composites showed almost no reinforcing effect can be that PBO 
fibers can not transfer the load because they do not have whole length aligned in one direction 
(Figure 53), they are bended and create fibers entangled network with lot of defect like voids 
in it acting like stress concentrators originated from the poor dispersion of fibers during the 
mixing. Based on SEM observations it was assumed that PBO fibers were pulled out of 
matrix and elongated during tensile test. Complicated network of their entanglements were 
untangled by pulling of fibers and fibers slowly tore their way out of matrix. Deformation 
mechanisms of PBO fibers increase composite ductility and decrease the stress transfer ability 
by tearing fibers from the matrix creating large free space between matrix and fiber (Figure 
61). Fibers were also fragmented into filament structure which is another deformation 
mechanism requiring another portion of energy (Figure 67). This phenomenon is more 
obvious for PC composites where higher temperature of composite manufacturing could 
affect structure of PBO fibers. 
Table 14 summarizes tensile properties of PMMA, PC and their composites. Figure 71 
serves for comparison of composites properties. Figure 72 and Figure 73 illustrate composites 
average stress/strain curves. 
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Table 14 Average tensile modulus (E), strength (σb) and strain (εb) for neat matrices and composites. 
*
 - yield stress 
 
E 
(MPa) 
σb 
(MPa) 
εb 
(%) 
 
E 
(GPa) 
σb 
(MPa) 
εb 
(%) 
PMMA 
3,24 
± 0,05 
47 
± 3 
1,8 
± 0,2 
PC 
2,50 
±  0,06 
63
*
 
±  1 
15 
± 3 
PMMA/GF_10 
5,9 
± 0,4  
80 
± 7 
1,9 
± 0,2 
PC/GF_10 
5,1 
±  0,7  
95 
± 15    
2,3 
± 0,1   
PMMA/GF_20 
8,9 
± 0,4  
97 
± 9 
1,4 
± 0,1 
PC/GF_20 
6,4 
± 0,7   
102 
± 14  
1,8 
± 0,2   
PMMA/GF_30 
9 
± 1 
61 
±11 
0,8 
± 0,1 
PC /GF_30 
9,5 
± 0,7   
82 
± 8   
1,1 
± 0,1   
PMMA/GF_40 
12 
± 1 
45 
± 5 
0,45 
± 0,03 
PC /GF_40 
10,4 
± 0,7   
59 
± 9   
0,6 
± 0,1   
PMMA/CF_10 
10 
± 1  
105 
±14 
1,2 
± 0,1 
PC /CF_10 
9 
± 1   
148 
± 16    
2,2 
± 0,1   
PMMA/CF_20 
12 
± 1 
86 
± 9 
0,82 
± 0,07  
PC /CF_20 
12,9 
± 0,8   
176 
± 12   
2,2 
± 0,1   
PMMA/CF_30 
16 
± 1  
98 
± 5 
0,67 
± 0,04  
PC /CF_30 
14 
± 1   
87 
± 9   
0,8 
± 0,1   
PMMA/CF_40 
14 
± 1  
57 
± 7 
0,41 
± 0,04 
– 
PMMA/PBO_10 
4,8 
± 0,4 
71 
± 9 
2,9 
± 0,4 
PC /PBO_10 
3,5 
± 0,2   
75 
± 9   
4,8 
± 0,3   
PMMA/PBO_20 
4,7 
± 0,3 
70 
± 8 
3,8 
± 0,3 
PC /PBO_20 
3,7 
± 0,3   
68 
± 12   
4,3 
± 0,7   
PMMA/PBO_30 
4,4 
± 0,3 
40 
± 7  
2,0 
± 0,8  
PC /PBO_30 
3,9 
± 0,3   
55 
± 14   
3 
± 1   
PMMA/PBO_40 
5,8 
± 0,4 
72 
± 4  
2,5 
± 0,5  
PC /PBO_40 
4,23 
± 0,08    
42 
± 10   
1,2 
± 0,4   
  
57 
 
 
 
Figure 71 Overall mechanical properties of composites (grey – neat matrices, blue – GF, black – CF 
and gold - PBO) with errors 
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Figure 72 Average stress/strain curves for all PMMA composites. Average curves made in 
OriginPro
®
 9 by mathematical analysis of individual composites stress/strain curves 
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Figure 73 Average stress/strain curves for all PC composites. Average curves made in OriginPro
®
 9 
by mathematical analysis of individual composites stress/strain curves 
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4.6 Dynamic mechanic thermal analysis 
Effect of fiber volume fraction on viscoelastic properties – storage modulus, loss modulus 
with increasing temperature was investigated.  
Axial force (tension) used during DMTA affected course of storage and loss modulus and 
thus affected also shape of tan δ – two peaks instead one peak for neat matrices. It is clearly 
seen that tan δ first peak is result of axial force - some relaxation of molecules can arise 
sooner due to additional portion of energy given by axial force. Position of second peak 
approximately matches with tan δ peak without axial force. See how DMTA spectrums look 
like with and without axial force (Figure 74, Figure 75). See mainly course of moduli above 
tan δ peak maximum for data course without axial force. More detailed DMA analysis results 
for polymer glasses and discussion can be found in diploma thesis of František Ondreáš [44]. 
Increasing fiber content leads to higher values of storage modulus (at 40 °C) with its 
occasional decrease for highest fiber contents. Decrease can be explained by more often count 
of defects and also by another stress mode incorporated during the test – tension plus 
compression. Thus these results don’t have to match with static tensile test. 
Fibers presence also affected course of storage and loss modulus leading to only one peak 
for their tan δ – fibers hold the structure of composites and some of processes can not occure. 
Composite tan δ peak lies approximately between two peaks of neat matrix (PMMA 
composite case). Shifting of tan δ position to lower temperatures (PC composites case) can be 
explained by increased number of defect (gas gaps – PC is sensitive to traces of water during 
manufacturing) that acts like plasticizing agent. At higher temperatures when pressure rises, 
air starts to escape and structure is destroyed. This proposition is somehow confirmed by 
shape of DMTA specimens after test. Specimen cross section is significantly expanded and 
also large crack after structure fall apart are visible – this is best seen on PC/CF_30 (Figure 
85). Anyway viscoelastic properties of composites would need further and more detailed 
investigation. 
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Figure 74 DMTA spectrum of neat PMMA with axial force 0,01 N (dashed lines) and without axial 
force (solid lines). Single cantilever geometry, strain 0,05 % and frequency 1 Hz, Heat rate = 3 °C/min 
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Figure 75 DMTA spectrum of neat PC with axial force 0,01 N (dashed lines) and without axial force 
(solid lines). Single cantilever geometry, strain 0,05 % and frequency 1 Hz, Heat rate = 3 °C/min
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Figure 76 DMTA spectrum of PMMA/GF composites. Storage modulus (solid lines) and loss 
modulus (dashed lines). Single cantilever geometry, strain 0,05 % and frequency 1 Hz, Heat rate = 3 
°C/min 
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Figure 77 Tan δ of PMMA/GF composites. Single cantilever geometry, strain 0,05 % and frequency 
1 Hz, Heat rate = 3 °C/min 
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Figure 78 DMTA spectrum of PMMA/CF composites. Storage modulus (solid lines) and loss modulus 
(dashed lines). Single cantilever geometry, strain 0,05 % and frequency 1 Hz, Heat rate = 3 °C/min 
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Figure 79 Tan δ of PMMA/CF composites. Single cantilever geometry, strain 0,05 % and frequency 
1 Hz, Heat rate = 3 °C/min 
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Figure 80 DMTA spectrum of PMMA/PBO composites. Storage modulus (solid lines) and loss 
modulus (dashed lines). Single cantilever geometry, strain 0,05 % and frequency 1 Hz, Heat rate = 
3 °C/min 
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Figure 81 Tan δ of PMMA/PBO composites. Single cantilever geometry, strain 0,05 % and frequency 
1 Hz, Heat rate = 3 °C/min 
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Figure 82 DMTA spectrum of PC/GF composites. Storage modulus (solid lines) and loss modulus 
(dashed lines). Single cantilever geometry, strain 0,05 % and frequency 1 Hz, Heat rate = 3 °C/min 
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Figure 83  PC/GF composites DMA spectrum of Complex modulus. Single cantilever geometry, 
strain 0,05 % and frequency 1 Hz, Heat rate = 3 °C/min 
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Figure 84 DMTA spectrum of PC/CF composites. Storage modulus (solid lines) and loss modulus 
(dashed lines). Single cantilever geometry, strain 0,05 % and frequency 1 Hz, Heat rate = 3 °C/min 
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Figure 85 Tan δ of PC/CF composites. Single cantilever geometry, strain 0,05 % and frequency 1 Hz, 
Heat rate = 3 °C/min 
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Figure 86 DMTA spectrum of PC/PBO composites. Storage modulus (solid lines) and loss modulus 
(dashed lines). Single cantilever geometry, strain 0,05 % and frequency 1 Hz, Heat rate = 3 °C/min 
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Figure 87 Tan δ of PC/PBO composites. Single cantilever geometry, strain 0,05 % and frequency 1 
Hz, Heat rate = 3 °C/min 
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4.7 Stiffness vs. rigidity 
The goal of this thesis is to create composite material that fulfills demanded mechanical 
properties of traditional material parts for automotive. Advantage of composites over 
traditional steel is their low density and thus possibility to lower the final part mass. Weight 
decrease is aim in fuel consumption reduction and reduction of green house gases production. 
Simple physical model (Equation 6) for deflection of the freely supported beam was used 
to calculate needed thickness of composite beam to maintain same deflection like steel one – 
example of how we can modify rigidity when we can not change stiffness. Mass of beam was 
calculated and compared with steel one (Figure 88). 
3
3
4 dEb
FL
h =  
Where: 
h – beam thickness (1,0 mm for steel) 
F – applied force = 10 N 
L – support length = 100 mm 
b – width of beam = 10 mm 
E – tensile modulus (Table 14) 
δ – deflection = 1,25 mm 
 
(6) 
 
 
 
 
 
 
Figure 88 Steel beam thickness vs. thickness of composite beam (upper) and final weight of beam 
(bottom) 
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5 CONCLUSION 
This thesis was aimed to create composite material with possible application in automotive 
industry mainly for exterior body parts. PMMA and PC were chosen as matrices for these 
composites. PMMA is the amorphous thermoplastic polymer with similar mechanical 
properties like thermosets – brittle fracture behavior in tension. PC was chosen as another 
amorphous thermoplastic polymer with superior toughness. 
First task was to increase the tensile modulus of PMMA and PC to obtain values 
acceptable for the selected application. Glass and carbon fibers were used for this purpose. 
Reinforcing with PBO fibers as perspective reinforcement with superior and unique properties 
like high stiffness, high toughness, heat resistance and low density was also investigated. This 
mix of properties makes PBO fibers very tempting for applications in automotive industry 
which is looking for good mechanical properties on the one hand and for toughness and 
impact resistance on the other hand. PBO fibers have their weaknesses like poor resistance to 
hot humidity environment and to ultraviolet radiation. There were large expectations about 
mechanical properties of PBO reinforced composites. 
Series of composite materials were prepared by melt mixing of PMMA and PC with fibers 
in the Brabender mixer and static mechanical properties in tension, temperature dependence 
of viscoelastic properties and structure of prepared composites were investigated. 
TGA analysis showed that fiber content present in composites slightly differs from 
theoretically calculated fiber content. Fiber average length decreases with increasing fiber 
content consequent from increased shear forces during mixing. Homogenous dispersion of 
fibers in the composite volume was also confirmed by SEM observations while increasing 
fiber content lowered the number of longitudinal oriented fibers and increased number of 
defects like undispersed bunches of fibers. 
Relatively high fiber volume fraction was added into the matrix to reach high modulus. 
These structures showed increased number of defects affecting the resulting mechanical 
properties. Technology with higher efficiency of mixing fibers with matrix at high fiber 
volume fractions should be used for manufacturing composite pellets for injection molding of 
large automotive body parts. Fiber orientation and breakage should be controlled by injection 
molding conditions. Another possibility is to extrude composite sheets followed by 
thermoforming for large sized parts (Figure 25) similar to steel sheet forming with the 
advantage of obtaining finished part not requiring further surface paint. 
Maximum tensile modulus 12 ± 1 GPa was obtained for glass reinforcement for 
PMMA/GF_40 and 16 ±1 GPa for PMMA/CF_30. PC reached highest tensile modulus for 
PC/GF_40 with 10,4 ± 0,7 GPa and for PC/CF_30 with 14 ± 1 GPa. PMMA composites 
showed higher tensile moduli despite PC matrix showed better adhesion to the fibers based on 
SEM observation of fracture surfaces. Very good agreement was found between the 
experimentally measured and Halpin-Tsai equation predicted tensile modulus. Adhesion 
quality reflected on higher tensile strength and ultimate strain of PC composites. 
Stiffness of prepared composites is far below that for traditional metal materials – steel or 
aluminium alloys used for exterior parts. However, design of final composite part could be 
modified to increase its rigidity by changing its thickness, adding structural parts like ribs or 
thermoplastic tape placement to fulfill required design and safety parameters. 
 PMMA composites were formed into flat sheet at 190 °C. Higher temperatures should be 
applied for composites with higher fiber volume fraction to achieve more longitudinally 
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oriented fibers. PC composites were formed at 200 °C but SEM observation revealed that 
orientation of fibers was more complicated at this temperature and transverse orientation is 
dominant. This step influenced mechanical properties the most and PC composites could 
reach higher mechanical properties compared to PMMA. Higher temperature should 
definitely be used for preparing of PC composites. 
Very interesting results could be achieved by hybridization – mixing of different types of 
fibers – stiff fibers (glass, carbon, boron, basalt, Al2O3) with stiff but deformable fibers (PBO, 
aramid fibers). 
Short fibers composites are suitable for interior parts or medium sized exterior parts. 
Research should looks into the continuous fibers reinforced composites with thermoplastic 
matrix. Continuous fibers reach higher mechanical properties suitable for structural and 
exterior parts. Thermosets matrices are common but more tough thermoplastic matrices could 
provide composites with high impact resistance leading to increased safety of vehicles. 
Companies and research centers should look for manufacturing techniques with satisfactorily 
fast manufacturing cycles and good impregnation level. Thermoplastic reactive resin transfer 
molding with decreased time of reaction could be promising way how to obtain thermoplastic 
composites with suitable short manufacture cycle. 
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7 LIST OF SYMBOLS 
L/D aspect ratio 
ρ density 
ρM matrix density 
ρF fiber density 
E tensile modulus (Young’s modulus) 
σY yield stress 
σB tensile strength 
εY strain at yiedl 
εB strain at break 
E/ρ specific modulus 
σ/ρ specific strength 
lc critical length of fiber 
UP-R unsaturated polyester resin 
VE-R vinylester-resin 
EP-R epoxy resin 
PP polypropylene 
PEEK poly(ether ether ketone) 
PPS poly(phenylene sulfide) 
PEI polyetherimide 
PAI polyamide-imide 
PA-6 polyamide 6  (polycaprolactam) 
PA-66 polyamide 66 
HDPE high density polyethylene 
LDPE low density polyethylene 
PC polycarbonate 
PBT poly(buylene terephtalate) 
PMMA poly(methyl methacrylate) 
PHB polyhydroxybutyrate 
PLA polylactic acid 
PCL polycaprolactone 
PS polystyrene 
PEKK polyetherketoneketone 
PA-12 polyamide 12 
MMA methyl methacrylate 
CFRP carbon fiber reinforced plastics 
GF glass fibers 
CF carbon fibers 
RH relatively humidity 
SFT short fiber thermoplastic 
LFT long fiber thermoplastic 
CFT continuous fiber thermoplastic 
RTM resin transfer molding 
IVW Institut für Verbundwerkstoffe in Kaiserslautern 
RIM reaction injection molding 
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S-RIM structural reaction injection molding 
VI vacuum infusion 
RFI resin film infusion 
SMC sheet molding compound 
PBO poly(p-phenylene-2,6-benzobisoxazole) 
PUT pulyuretane sizing 
wF fiber weight fraction 
wF-E exact fiber weight fraction 
vF fiber volume fraction 
vF-E exact fiber volume fraction 
TGA Thermogravimetric analysis 
SEM Scanning electron microscopy 
SE secondary electrons 
BSE back-scattered electrons 
CLSM Confocal laser scanning microscope 
DMA Dynamic mechanic analysis 
DMTA Dynamic mechanic thermal analysis 
E' Storage modulus 
E'' Loss modulus 
E* Complex modulus 
tan δ loss factor 
Tg glass transition temperature 
E11 composite longitudinal modulus 
E22 composite transverse modulus 
EM matrix modulus 
EF fiber modulus 
ζ aspect ratio 
ηL fiber reinforcing efficiency in longitudinal direction 
ηT fiber reinforcing efficiency in transverse direction 
EC composite modulus 
h beam thickness 
F force 
L support length 
E tensile modulus 
B beam width 
δ beam deflection 
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8 APPENDIX 
8.1 APPENDIX – Stress/strain curves 
8.1.1 APPENDIX – Stress/strain curves of Neat matrices 
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Figure 89 Stress/strain curves for neat PMMA: standard tensile test specimen 5A according to EN 
ISO 527, temperature 25 °C, tensile test speed 1 mm/min. Curves are x-offseted by 0,1 % 
Table 15 Statistic of tensile test results for neat PMMA 
# 
Width 
(mm) 
Thickness 
(mm) 
E 
(GPa) 
σB 
(MPa) 
εB 
(%) 
1 4,01 0,63 3,25 45,29 1,75 
2 3,90 0,66 3,24 45,32 1,68 
3 4,05 0,61 3,18 40,96 1,50 
4 4,03 0,68 3,30 51,35 1,99 
5 4,01 0,71 3,26 47,96 1,79 
6 4,00 0,68 3,18 49,26 1,94 
7 4,00 0,68 3,16 50,91 2,14 
8 4,01 0,62 3,30 48,87 1,84 
9 3,94 0,66 3,30 42,97 1,53 
10 4,05 0,71 3,23 45,39 1,69 
Average 4,00 0,66 3,24 47 1,8 
Standard deviation 0,05 0,04 0,05 3 0,2 
Percentage deviation 1,3 % 5,3 % 1,6 % 6,9 % 10,6 % 
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Figure 90 Stress/strain curves for neat PC: standard tensile test specimen 5A according to EN ISO 
527, temperature 25 °C, tensile test speed 1 mm/min. Curves are x-offseted by 0,5 % 
Table 16 Statistic of tensile test results for neat PC 
# 
Width 
(mm) 
Thickness 
(mm) 
E 
(GPa) 
σY 
(MPa) 
εY 
(%) 
σB 
(MPa) 
εB 
(%) 
1 3,88 0,75 2,53 65,01 4,65 52,29 17,08 
2 3,85 0,74 2,37 63,17 4,76 49,85 22,56 
3 3,88 0,76 2,53 63,91 4,55 51,25 14,38 
4 3,88 0,74 2,57 65,42 4,78 52,86 16,41 
5 3,89 0,83 2,48 62,90 4,73 48,29 12,13 
6 3,88 0,75 2,44 62,74 4,75 47,89 16,69 
7 3,88 0,79 2,50 62,15 4,57 45,36 15,13 
8 3,86 0,84 2,58 63,02 4,60 46,86 12,35 
9 3,87 0,74 2,49 61,87 4,59 49,45 11,71 
10 3,88 0,75 2,52 63,29 4,70 50,19 15,61 
Average 3,88 0,77 2,50 63 4,67 49 15 
Standard 
deviation 0,01 0,04 0,06 1 0,08 2 3 
Percentage 
deviation 0,3 % 5,2 % 2,4 % 1,7 % 1,7 %
 
4,6 % 19,7 % 
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Figure 91 Stress/strain curves for PMMA/GF_10: standard tensile test specimen 5A according to EN 
ISO 527, temperature 25 °C, tensile test speed 1 mm/min. Curves are x-offseted by 0,5 % 
Table 17 Statistic of tensile test results of PMMA/GF_10 
# 
Width 
(mm) 
Thickness 
(mm) 
E 
(GPa) 
σB 
(MPa) 
εB 
(%) 
1 4,06 0,71 6,06 86,60 1,94 
2 3,95 0,70 5,90 82,82 2,00 
3 3,96 0,69 6,39 94,71 2,03 
4 4,01 0,71 5,96 81,33 1,89 
5 4,45 0,71 4,99 69,49 2,00 
6 4,02 0,77 5,21 73,94 2,08 
7 3,82 0,71 6,10 77,28 1,64 
8 4,02 0,70 5,69 68,59 1,57 
9 3,95 0,71 6,16 78,47 1,62 
10 3,98 0,72 6,14 87,22 1,91 
Average 4,0 0,71 0,6 80,1 1,9 
Standard deviation 0,2 0,02 0,4 7,8 0,2 
Percentage deviation 4,0 % 2,8 % 1,6 % 6,9 % 10,6 % 
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Figure 92 Stress/strain curves for PMMA/GF_20: standard tensile test specimen 5A according to EN 
ISO 527, temperature 25 °C, tensile test speed 1 mm/min. Curves are x-offseted by 0,1 % 
Table 18 Statistic of tensile test results for PMMA/GF_20 
# 
Width 
(mm) 
Thickness 
(mm) 
E 
(GPa) 
σB 
(MPa) 
εB 
(%) 
1 3,94 0,81 9,04 85,76 1,15 
2 4,03 0,81 9,54 107,05 1,39 
3 4,00 0,79 8,78 105,95 1,57 
4 3,97 0,80 8,76 98,54 1,42 
5 3,98 0,77 9,26 110,72 1,55 
6 4,01 0,82 8,76 93,09 1,39 
7 3,96 0,81 8,53 90,74 1,37 
8 3,96 0,82 8,43 84,76 1,28 
Average 3,98 0,80 8,9 97 1,4 
Standard deviation 0,03 0,02 0,4 9 0,1 
Percentage deviation 0,8 % 2,5 % 3,9 % 9,7 % 9,4 % 
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Figure 93 Stress/strain curves for PMMA/GF_30: standard tensile test specimen 5A according to EN 
ISO 527, temperature 25 °C, tensile test speed 1 mm/min. Curves are x-offseted by 0,1 % 
Table 19 Statistic of tensile test results for PMMA/GF_30 
# 
Width 
(mm) 
Thickness 
(mm) 
E 
(GPa) 
σB 
(MPa) 
εB 
(%) 
1 3,86 0,86 8,56 49,13 0,77 
2 3,88 0,86 11,00 76,47 0,87 
3 3,85 0,85 11,06 73,72 0,81 
4 3,90 0,84 10,01 64,05 0,87 
5 3,87 0,85 8,63 44,31 0,58 
6 3,88 0,85 9,68 63,27 0,86 
7 3,84 0,85 8,15 48,97 0,67 
8 3,83 0,84 8,83 60,74 0,83 
9 3,90 0,85 9,29 76,17 0,85 
10 3,94 0,85 9,18 57,9 0,78 
Average 3,87 0,85 9,4 61 0,79 
Standard deviation 0,03 0,01 1,0 11 0,09 
Percentage deviation 0,8 % 1,2 % 10,1 % 17,9 % 11,4 % 
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Figure 94 Stress/strain curves for PMMA/GF_40: standard tensile test specimen 5A according to EN 
ISO 527, temperature 25 °C, tensile test speed 1 mm/min. Curves are x-offseted by 0,1 % 
Table 20 Statistic of tensile test results for PMMA/GF_40 
# 
Width 
(mm) 
Thickness 
(mm) 
E 
(GPa) 
σB 
(MPa) 
εB 
(%) 
1 3,86 1,01 10,85 45,52 0,49 
2 3,81 0,95 11,63 47,50 0,49 
3 3,86 0,95 11,57 43,75 0,43 
4 3,81 0,89 10,10 34,89 0,42 
5 3,87 0,90 11,29 41,14 0,42 
6 3,80 0,97 12,75 54,75 0,46 
7 3,86 0,81 12,62 45,78 0,42 
8 3,81 0,92 13,38 50,42 0,44 
Average 3,84 0,93 12 45 0,45 
Standard deviation 0,03 0,06 1 6 0,03 
Percentage deviation 0,8 % 6,5 % 8,6 % 12,2 % 6,7 % 
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Figure 95 Stress/strain curves for PMMA/CF_10: standard tensile test specimen 5A according to EN 
ISO 527, temperature 25 °C, tensile test speed 1 mm/min. Curves are x-offseted by 0,1 % 
Table 21 Statistic of tensile test results for PMMA/CF_10 
# 
Width 
(mm) 
Thickness 
(mm) 
E 
(GPa) 
σB 
(MPa) 
εB 
(%) 
1 4,07 0,77 8,86 97,18 1,29 
2 4,06 0,81 9,31 102,22 1,31 
3 4,00 0,77 10,18 110,87 1,26 
4 4,02 0,79 11,66 132,14 1,29 
5 4,07 0,77 10,46 108,44 1,17 
6 3,96 0,76 9,91 93,27 1,05 
7 4,05 0,81 9,04 82,09 0,99 
8 4,04 0,82 8,44 93,31 1,09 
9 4,04 0,76 9,84 101,05 1,17 
10 3,97 0,77 11,77 127,34 1,21 
Average 4,03 0,78 10,0 105 1,2 
Standard deviation 0,04 0,02 0,1 14 0,1 
Percentage devation 1,0 % 2,6 % 1,1 % 14,0 % 8,5 % 
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Figure 96 Stress/strain curves for PMMA/CF_20: standard tensile test specimen 5A according to EN 
ISO 527, temperature 25 °C, tensile test speed 1 mm/min. Curves are x-offseted by 0,1 % 
Table 22 Statistic of tensile test results for PMMA/CF_20 
# 
Width 
(mm) 
Thickness 
(mm) 
E 
(GPa) 
σB 
(MPa) 
εB 
(%) 
1 4,04 0,72 12,72 98,78 0,9 
2 4,00 0,77 9,98 77,18 0,9 
3 3,97 0,75 13,37 89,17 0,75 
4 3,95 0,73 13,15 99,28 0,87 
5 3,92 0,70 13,39 88,37 0,74 
6 3,94 0,75 11,99 90,79 0,88 
7 3,89 0,75 11,87 80,67 0,78 
8 3,87 0,73 11,46 77,18 0,78 
9 3,82 0,70 13,03 84,45 0,73 
10 3,85 0,72 9,69 71,28 0,86 
Average 3,82 0,73 12 86 0,82 
Standard deviation 0,07 0,02 1 9 0,07 
Percentage deviation 1,8 % 2,7 % 10,6 % 10,3 % 8,5 % 
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Figure 97 Stress/strain curves for PMMA/CF_30: standard tensile test specimen 5A according to EN 
ISO 527, temperature 25 °C, tensile test speed 1 mm/min. Curves are x-offseted by 0,1 % 
Table 23 Statistic of tensile test results for PMMA/CF_30 
# 
Width 
(mm) 
Thickness 
(mm) 
E 
(GPa) 
σB 
(MPa) 
εB 
(%) 
1 4,03 0,82 16,59 100,63 0,68 
2 4,01 0,84 17,14 101,19 0,66 
3 4,01 0,90 18,59 108,88 0,65 
4 4,01 0,92 16,04 95,16 0,67 
5 4,01 0,90 13,89 87,35 0,77 
6 3,84 0,83 16,94 98,24 0,63 
7 4,01 0,85 15,95 95,75 0,64 
8 3,81 0,91 17,39 101,1 0,62 
9 3,95 0,91 14,79 93,13 0,69 
Average 3,97 0,87 16 98 0,67 
Standard deviation 0,08 0,04 1 6 0,04 
Percentage deviation 2,0 % 4,6 % 8,1 % 5,9 % 6,0 % 
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Figure 98 Stress/strain curves for PMMA/CF_40: standard tensile test specimen 5A according to EN 
ISO 527, temperature 25 °C, tensile test speed 1 mm/min. Curves are x-offseted by 0,1 % 
Table 24 Statistic of tensile test results for PMMA/CF_40 
# 
Width 
(mm) 
Thickness 
(mm) 
E 
(GPa) 
σB 
(MPa) 
εB 
(%) 
1 3,91 1,16 15,02 61,92 0,44 
2 3,92 1,22 13,76 52,69 0,4 
3 3,82 1,10 16,36 65,35 0,42 
4 3,89 1,21 15,78 58,07 0,38 
5 3,88 1,12 15,76 60,97 0,4 
6 3,86 1,07 13,04 43,96 0,34 
7 3,86 1,09 14,18 52,36 0,38 
8 3,91 1,20 13,18 60,47 0,5 
9 3,91 1,24 12,22 48,54 0,42 
10 3,89 1,15 15,60 67,07 0,46 
Average 3,88 1,15 14 57 0,41 
Standard deviation 0,03 0,06 1 7 0,04 
Percentage deviation 0,8 5,2 % 9,2 % 12,4 % 9,8 % 
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Figure 99 Stress/strain curves for PMMA/PBO_10: standard tensile test specimen 5A according to 
EN ISO 527, temperature 25 °C, tensile test speed 1 mm/min. Curves are x-offseted by 0,1 % 
Table 25 Statistic of tensile test results for PMMA/PBO_10 
# 
Width 
(mm) 
Thickness 
(mm) 
E 
(GPa) 
σB 
(Mpa) 
εB 
(%) 
1 3,88 0,81 4,78 69,73 3,06 
2 3,83 0,75 5,71 78,86 2,55 
3 3,75 0,82 5,21 86,73 3,63 
4 3,87 0,91 4,48 69,71 3,04 
5 4,09 0,68 4,67 70,97 2,81 
6 3,90 0,77 4,85 76,72 3,23 
7 3,96 0,86 4,33 59,84 2,57 
8 3,94 0,85 4,42 57,36 2,06 
9 3,94 0,85 4,53 64,88 2,72 
Average 3,90 0,81 4,8 71 2,9 
Standard deviation 0,09 0,07 0,4 8 0,4 
Percentage deviation 2,3 % 5,7 % 8,8 % 12,4 % 15,1 % 
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Figure 100 Stress/strain curves for PMMA/PBO_20: standard tensile test specimen 5A according to 
EN ISO 527, temperature 25 °C, tensile test speed 1 mm/min. Curves are x-offseted by 0,1 % 
Table 26 Statistic of tensile test results for PMMA/PBO_20 
# 
Width 
(mm) 
Thickness 
(mm) 
E 
(GPa) 
σB 
(Mpa) 
εB 
(%) 
1 3,85 0,71 5,39 81,83 4,09 
2 3,84 0,82 4,67 73,28 3,99 
3 3,86 0,86 4,64 70,12 3,91 
4 3,79 0,81 4,49 64,43 3,27 
5 3,87 0,84 4,44 56,03 3,56 
6 3,81 0,82 4,71 70,82 3,89 
7 3,82 0,87 4,49 62,57 3,81 
8 3,82 0,81 5,07 80,69 4,08 
Average 3,83 0,82 4,7 70 3,8 
Standard deviation 0,03 0,05 0,3 8 0,6 
Percentage deviaton 0,8 % 6,1 % 6,5 % 11,8 % 6,8 % 
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Figure 101 Stress/strain curves for PMMA/PBO_30: standard tensile test specimen 5A according to 
EN ISO 527, temperature 25 °C, tensile test speed 1 mm/min. Curves are x-offseted by 0,1 % 
Table 27 Statistic of tensile test results for PMMA/PBO_30 
# 
Width 
(mm) 
Thickness 
(mm) 
E 
(GPa) 
σB 
(MPa) 
εB 
(%) 
1 3,69 1,08 4,24 42,07 1,98 
2 3,81 1,08 4,34 34,78 1,48 
3 3,92 1,01 5,15 41,73 1,19 
4 3,89 1,07 4,43 49,47 3,29 
5 3,81 1,08 4,27 47,46 2,64 
6 3,82 1,08 4,20 27,04 1,25 
Average 3,82 1,07 4,4 40 2,0 
Standard deviation 0,08 0,03 0,3 8 0,8 
Percentage deviation 2,1 % 2,8 % 7,4 % 18,8 % 40,5 % 
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Figure 102 Stress/strain curves for PMMA/PBO_30: standard tensile test specimen 5A according to 
EN ISO 527, temperature 25 °C, tensile test speed 1 mm/min. Curves are x-offseted by 0,1 % 
Table 28 Statistic of tensile test results for PMMA/PBO_40 
# 
Width 
(mm) 
Thickness 
(mm) 
E 
(GPa) 
σB 
(Mpa) 
εB 
(%) 
1 3,92 1,06 6,16 65,13 1,72 
2 3,92 1,14 5,32 63,27 2,66 
3 3,95 1,06 6,13 77,8 2,43 
4 3,93 1,08 6,13 75,29 2,21 
5 3,96 1,14 5,42 72,93 2,9 
6 3,97 1,12 5,63 70,42 2,49 
7 3,91 1,18 5,36 72,94 3,31 
8 3,96 1,00 6,11 74,63 2,22 
Average 3,94 1,10 5,8 72 2,5 
Standard deviation 0,02 0,06 0,4 4 0,5 
Percentage deviation 0,5 % 5,5 % 6,2 % 6,6 % 18,1 % 
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Figure 103 Stress/strain curves for PC/GF_10: standard tensile test specimen 5A according to EN ISO 
527, temperature 25 °C, tensile test speed 1 mm/min. Curves are x-offseted by 0,1 % 
Table 29 Statistic of tensile test results for PC/GF_10 
# 
Width 
(mm) 
Thickness 
(mm) 
E 
(GPa) 
σB 
(MPa) 
εB 
(%) 
1 3,99 0,91 4,33 77,64 2,41 
2 3,88 0,88 4,74 80,09 2,16 
3 3,88 0,88 5,66 108,54 2,44 
4 3,96 0,87 6,14 114,4 2,24 
5 3,89 0,87 5,39 103,75 2,44 
6 3,94 0,85 5,57 109,65 2,51 
7 3,95 0,90 4,44 75,31 2,14 
8 3,93 0,90 4,28 76,54 2,35 
9 3,91 0,86 6,00 113,45 2,34 
10 3,91 0,88 4,65 86,5 2,29 
Average 3,92 0,88 5,12 95 2,3 
Standard deviation 0,03 0,02 0,69 15 0,1 
Percentage deviation 0,8 % 2,3 % 13,5 % 16,8 % 5,0 % 
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Figure 104 Stress/strain curves for PC/GF_20: standard tensile test specimen 5A according to EN ISO 
527, temperature 25 °C, tensile test speed 1 mm/min. Curves are x-offseted by 0,1 % 
Table 30 Statistic of tensile test results for PC/GF_20 
# 
Width 
(mm) 
Thickness 
(mm) 
E 
(GPa) 
σB 
(MPa) 
εB 
(%) 
1 3,92 1,08 5,43 83,87 1,84 
2 4,00 1,08 7,76 117,43 1,82 
3 3,95 1,04 6,63 120,84 2,21 
4 3,97 1,02 6,79 114,51 1,92 
5 3,94 1,05 5,55 84,17 1,62 
6 3,94 1,02 5,79 92,27 1,56 
7 3,98 1,12 6,45 120,08 1,99 
8 4,02 1,09 6,63 106,99 2,03 
9 4,01 1,12 5,89 92,69 1,68 
10 3,97 1,02 7,32 89,75 1,66 
Average 3,97 1,06 6,4 102 1,8 
Standard deviation 0,03 0,04 0,7 14 0,2 
Percentage deviation 0,8 % 3,8 % 10,8 % 14,1 % 10,7 % 
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Figure 105 Stress/strain curves for PC/GF_30: standard tensile test specimen 5A according to EN ISO 
527, temperature 25 °C, tensile test speed 1 mm/min. Curves are x-offseted by 0,1 % 
Table 31 Statistic of tensile test results for PC/GF_30 
# 
Width 
(mm) 
Thickness 
(mm) 
E 
(GPa) 
σB 
(MPa) 
εB 
(%) 
1 3,90 0,96 9,59 89,4 1,11 
2 3,90 0,88 10,72 94,14 1,13 
3 3,84 0,97 9,11 81,35 1,11 
4 3,89 0,97 8,89 79,23 1,11 
5 3,90 0,97 9,42 76,37 0,97 
6 3,91 0,97 9,41 65,19 0,78 
7 3,91 0,96 9,60 84,28 1,09 
8 3,88 0,97 10,01 93,36 1,17 
9 3,90 0,98 8,02 72,55 1,15 
10 3,90 0,98 10,13 86,94 1,05 
Average 3,89 0,96 9,5 82 1,1 
Standard deviation 0,02 0,03 0,7 9 0,1 
Percentage deviation 0,5 % 3,1 % 7,4 % 10,7 % 10,3 % 
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Figure 106 Stress/strain curves for PC/GF_40: standard tensile test specimen 5A according to EN ISO 
527, temperature 25 °C, tensile test speed 1 mm/min. Curves are x-offseted by 0,1 % 
Table 32 Statistic of tensile test results for PC/GF_40 
# 
Width 
(mm) 
Thickness 
(mm) 
E 
(GPa) 
σB 
(MPa) 
εB 
(%) 
1 3,88 1,13 10,32 53,21 0,56 
2 3,86 1,12 11,67 72,93 0,76 
3 3,86 1,12 10,77 45,98 0,44 
4 3,87 1,13 11,16 70,66 0,73 
5 3,87 1,12 11,34 62,48 0,61 
6 3,86 1,22 9,29 48,50 0,56 
7 3,87 1,14 10,93 69,62 0,73 
8 3,87 1,18 9,79 60,72 0,75 
9 3,86 1,16 10,07 56,18 0,62 
10 3,90 1,19 9,04 52,64 0,69 
Average 3,87 1,15 10,4 59 0,6 
Standard deviation 0,01 0,04 0,7 9 0,1 
Percentage deviation 0,3 % 3,5 % 7,0 % 15,3 % 15,5 % 
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Figure 107 Stress/strain curves for PC/CF_10: standard tensile test specimen 5A according to EN ISO 
527, temperature 25 °C, tensile test speed 1 mm/min. Curves are x-offseted by 0,1 % 
Table 33 Statistic of tensile test for PC/CF_10 
# 
Width 
(mm) 
Thickness 
(mm) 
E 
(GPa) 
σB 
(MPa) 
εB 
(%) 
1 3,95 0,84 8,09 135,11 2,18 
2 3,91 0,82 7,48 122,45 2,14 
3 3,93 0,81 9,62 148,55 1,91 
4 3,91 0,82 9,89 163,56 2,28 
5 3,97 0,82 8,57 142,19 2,14 
6 3,90 0,86 10,76 174,81 2,35 
7 3,93 0,82 7,66 127,37 2,16 
8 3,95 0,83 7,66 155,23 2,18 
9 3,95 0,83 9,84 155,23 2,18 
10 3,98 0,85 10,77 156,32 2,31 
Average 3,94 0,83 9 148 2,2 
Standard deviation 0,03 0,02 1 16 0,1 
Percentage deviation 0,8 % 2,4 % 13,6 % 10,5 % 5,3 % 
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Figure 108 Stress/strain curves for PC/CF_20: standard tensile test specimen 5A according to EN ISO 
527, temperature 25 °C, tensile test speed 1 mm/min. Curves are x-offseted by 0,1 % 
Table 34 Statistic of tensile test for PC/CF_20 
# 
Width 
(mm) 
Thickness 
(mm) 
E 
(GPa) 
σB 
(MPa) 
εB 
(%) 
1 4,02 0,99 13,27 170,07 2,19 
2 3,95 0,99 12,44 182,8 2,33 
3 3,94 0,96 13,17 186,73 2,11 
4 3,98 1,01 13,05 162,38 1,97 
5 3,95 1,00 12,93 159,8 2,17 
6 3,93 0,97 12,41 169,81 2,21 
7 3,95 0,87 14,76 201,09 2,13 
8 3,91 0,87 12,84 179,69 2,19 
9 3,95 0,97 13,13 179,82 2,17 
10 3,99 0,99 11,36 165,42 1,99 
Average 3,96 0,97 12,9 176 2,2 
Standard deviation 0,03 0,04 0,8 12 0,1 
Percentage deviation 0,8 % 4,1 % 6,2 % 6,9 % 4,7 % 
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Figure 109 Stress/strain curves for PC/CF_30: standard tensile test specimen 5A according to EN ISO 
527, temperature 25 °C, tensile test speed 1 mm/min. Curves are x-offseted by 0,1 % 
Table 35 Statistic of tensile test result for PC/CF_30 
# 
Width 
(mm) 
Thickness 
(mm) 
E 
(GPa) 
σB 
(MPa) 
εB 
(%) 
1 3,89 1,28 13,07 80,69 0,66 
2 3,85 1,24 15,66 106,31 0,95 
3 3,91 1,22 16,06 92,11 0,79 
4 3,91 1,22 13,64 72,64 0,73 
5 3,87 1,22 14,19 88,13 0,99 
6 3,90 1,27 14,31 89,64 0,85 
7 3,91 1,21 15,41 95,57 0,73 
8 3,90 1,23 12,54 75,71 0,79 
9 3,88 1,23 14,48 82,62 0,69 
Average 3,89 1,24 14 87 0,8 
Standard deviation 0,02 0,02 1 9 0,1 
Percentage deviation 0,5 % 1,6 % 7,8 % 11,3 % 13,4 % 
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Figure 110 Stress/strain curves for PC/PBO_10: standard tensile test specimen 5A according to EN ISO 
527, temperature 25 °C, tensile test speed 1 mm/min. Curves are x-offseted by 0,1 % 
Table 36 Statistic of tensile test results for PC/PBO_10 
# 
Width 
(mm) 
Thickness 
(mm) 
E 
(GPa) 
σB 
(MPa) 
εB 
(%) 
1 3,82 0,92 3,37 64,32 4,65 
2 3,84 0,96 3,51 80,23 4,86 
3 3,84 0,95 3,53 82,34 4,78 
4 3,86 0,91 3,46 67,16 4,30 
5 3,85 0,91 3,71 85,72 4,78 
6 3,84 0,98 3,53 79,77 5,17 
7 3,88 0,91 3,37 66,36 4,64 
8 3,87 0,90 3,79 84,67 4,71 
9 3,84 0,87 3,18 59,05 5,31 
10 3,83 0,96 3,57 79,25 4,61 
Average 3,85 0,93 3,5 74,9 4,8 
Standard deviation 0,02 0,03 0,2 9,1 0,3 
Percentage deviation 0,5 % 3,2 % 4,9 % 12,2 % 5,7 % 
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Figure 111 Stress/strain curves for PC/PBO_20: standard tensile test specimen 5A according to EN ISO 
527, temperature 25 °C, tensile test speed 1 mm/min. Curves are x-offseted by 0,1 % 
Table 37 Statistic of tensile test results for PC/PBO_20 
# 
Width 
(mm) 
Thickness 
(mm) 
E 
(GPa) 
σB 
(MPa) 
εB 
(%) 
1 3,85 1,22 3,61 82,85 4,89 
2 3,85 1,30 3,37 45,45 3,23 
3 3,83 1,31 3,65 63,29 4,22 
4 3,93 1,21 3,71 78,43 5,85 
5 3,84 1,26 3,48 57,84 3,63 
6 3,89 1,22 4,31 88,88 4,04 
7 3,90 1,23 3,85 60,12 3,65 
8 3,88 1,30 3,60 63,31 3,86 
9 3,86 1,25 3,69 68,39 4,57 
10 3,85 1,26 3,54 67,37 4,95 
Average 3,87 1,26 3,7 68 4,6 
Standard deviation 0,03 0,04 0,6 12 0,7 
Percentage deviation 0,8 3,2 % 6,8 % 18,0 % 17,4 % 
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Figure 112 Stress/strain curves for PC/PBO_30: standard tensile test specimen 5A according to EN ISO 
527, temperature 25 °C, tensile test speed 1 mm/min. Curves are x-offseted by 0,1 % 
Table 38 Statistic of tensile test results for PC/PBO_30 
# 
Width 
(mm) 
Thickness 
(mm) 
E 
(GPa) 
σB 
(MPa) 
εB 
(%) 
1 3,91 1,11 4,20 84,59 4,68 
2 3,79 1,14 3,76 43,04 1,75 
3 3,73 1,25 3,60 53,7 3,72 
4 3,75 1,31 3,98 55,01 2,23 
5 3,75 1,17 3,38 37,71 1,79 
6 3,80 1,12 4,17 56,07 2,35 
7 3,87 1,25 4,01 71,14 4,31 
8 3,82 1,17 3,94 66,59 4,96 
9 3,85 1,27 3,64 46,53 2,21 
10 3,81 1,08 4,37 35,68 0,99 
Average 3,81 1,19 3,9 55 3 
Standard deviation 0,06 0,08 0,6 14 1 
Percentage deviation 1,6 % 6,7 % 6,8 % 26,7 % 45,6 % 
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Figure 113 Stress/strain curves for PC/PBO_20: standard tensile test specimen 5A according to EN 
ISO 527, temperature 25 °C, tensile test speed 1 mm/min. Curves are x-offseted by 0,1 % 
Table 39 Statistic of tensile test results for PC/PBO_40 
# 
Width 
(mm) 
Thickness 
(mm) 
E 
(GPa) 
σB 
(MPa) 
εB 
(%) 
1 3,95 1,20 4,00 34,84 1,37 
2 3,94 1,13 3,92 32,3 0,87 
3 4,01 1,21 4,01 38,98 1,06 
4 3,98 1,19 4,17 36,97 0,94 
5 3,92 0,99 3,95 30,04 0,74 
6 3,98 1,15 4,15 44,91 1,78 
7 3,96 1,12 4,43 43,39 1,16 
8 3,92 1,07 4,40 63,13 2,07 
9 3,94 0,98 4,88 56,11 1,5 
10 3,91 0,98 4,38 36,35 0,87 
Average 3,95 1,10 4,23 42 1,2 
Standard deviation 0,03 0,09 0,09 10 0,4 
Percentage deviation 0,8 % 8,2 % 2,1 % 24,1 % 33,5 % 
 
 
  
